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STATEMENT  OF  THE  PROBLEM  STUDIED 


There  is  a  need  for  a  broad  spectrum  antiviral  agent.  Pokeweed  Antiviral  Protein 
(PAP)  has  broad  spectrum  antiviral  activity.  However,  PAP  cannot  be  obtained 
from  natural  sources  in  sufficient  quantities.  Furthermore,  Pokeweed  Antiviral 
Protein  has  toxic  side  effects.  Therefore,  for  PAP  be  considered  as  an  universal 
antiviral  agent  of  practical  potential,  a  need  exists  to  have  unlimited  supplies  of 
PAP  and  to  develop  nontoxic  PAP  species.  Availability  of  a  nontoxic  Pokeweed 
Antiviral  Protein  as  a  broad  spectrum  antiviral  agent  would  strengthen  our  capacity 
to  counteract  biological  warfare  efforts  using  pathogenic  viruses. 


SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

The  most  important  milestones  that  have  been  achieved  and  the  most  important 
results  obtained  through  the  research  supported  are  as  follows. 

•  The  availability  problem  for  PAP  has  been  solved.  We  have  cloned  the 
gene  for  PAP  and  established  large  scale  production  and  purification 
procedures  of  the  cloned  recombinant  PAP. 

•  An  E.  Coli  expression  system  has  been  published  in  the  July  1999  issue  of 
the  peer-reviewed  journal.  Protein  Expression  and  Purification  (Vol.  16,  pp 
359-360).  The  yeast  expression  system  has  been  reported  in  the  March 
2000  issue  of  Protein  Expression  and  Purification  (Vol.  18,  pp  193-201) 

•  We  have  demonstrated  that  recombinant  PAP  is  active.  We  have  tested 
recombinant  PAP  in  side-by-side  comparison  with  native  PAP.  We 
discovered  that  recombinant  PAP  has  potent  antiviral  activity  and  is  capable 
of  depurinating  viral  RNA.  Two  papers  have  been  published  in  the  July  and 
September  1999  issues  of  the  peer-reviewed  journal  Biochemical  and 
Biophysical  Research  Communications. 

•  We  have  managed  to  crystalize  PAP  and  elucidate  the  structural  basis  for 
the  activity  of  PAP  against  viral  RNA.  A  paper  was  published  in  the 
September  1999  issue  of  Protein  Science  regarding  the  structural  basis  of 
RNA  deadenylation.  Another  paper  was  published  in  the  November  1999 
issue  of  Protein  Science  regarding  the  structural  bases  of  the  deguanylation 
of  RNA  by  PAP.  Subsequently,  we  have  been  able  to  crystallize  another 
PAP  species,  namely  PAP-II,  and  publish  the  results  in  the  August  2000 
issue  of  the  peer-reviewed  journal  Biochemical  and  Biophysical  Research 
Communications.  This  month  we  have  completed  the  crystallization  and 
structural  analysis  of  a  third  species  of  PAP,  namely,  PAP-III  and  have 
submitted  the  manuscript  for  publication.  Collectively,  these  papers 
provided  novel  insights  into  the  structural  basis  for  PAP-RNA  interactions. 
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•  We  established  a  computer  model  as  a  guide  for  construction  of  nontoxic 
PAP  mutants.  We  have  used  this  model  along  with  mitogenesis  studies  to 
identify  the  functional  domains  of  PAP.  There  is  also  published  in  the 
February  2000  issue  of  the  peer-reviewed  journal,  Journal  of  Biological 
Chemistry. 

•  We  have  determined  the  mode  of  interactions  between  PAP  and  ribosomes 
as  well  as  RNA  substrates.  The  results  of  these  studies  were  published  in 
the  June  2001  issue  of  Journal  of  Biological  Chemistry  (Vol.  116,  pp 
24075-24081),  and  August  2001  issue  of  Biochemistry  (Vol.  40,  pp  9104- 
9114). 

•  We  have  constructed  and  produced  several  mutant  recombinant  pokeweed 
antiviral  proteins  and  identified  candidates  with  superior  antiviral  activity. 
Specifically,  FLP  102  and  FLP  105  have  been  identified  as  nontoxic  PAP 
proteins  with  antiviral  activity.  A  paper  has  been  prepared  detailing  the 
findings  and  submitted  for  publication.  A  patent  application  has  also  been 
prepared  and  will  be  shortly  filed.  A  licensing  agreement  is  underway  with 
Virochem,  a  biotech  company,  for  further  development  of  this  technology. 

•  We  have  also  prepared  recombinant  Dianthin  as  a  highly  active  functional 
homolog  of  recombinant  PAP.  This  protein  is  capable  of  not  only 
depurinating  viral  RNA,  but  also  inhibiting  viral  integrase. 


In  summary,  we  have  cloned  pokeweed  antiviral  protein,  established  latrge  sqale.piQcedures 
for  production  and  purification  of  the  recombinant  PAP,  confirmed  it  as  an  active  antiviral 
agent,  crystallized  and  resolved  the  crystal  structure  of  PAP,  established  a  computer  model 
for  the  structure  based  design  and  engineering  of  novel  PAP  mutants  that  lack  toxicity  but 
retain  their  antiviral  activity  and  identified  two  lead  engineered  proteins  for  further 
development. 
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Active  Center  Cleft  Residues  of  Pokeweed  Antiviral  Protein  Mediate  Its 
High-Affinity  Binding  to  the  Ribosomal  Protein  L3^ 
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abstract:  Pokeweed  antiviral  protein  (PAP)  is  a  ribosome-inactivating  protein  (RIP)  which  catalytically 
cleaves  a  specific  adenine  base  from  the  highly  conserved  a-sarcin/ricin  loop  (SRL)  of  the  large  ribosomal 
RNA  and  thereby  inhibits  the  protein  synthesis.  The  ribosomal  protein  L3,  a  highly  conserved  protein 
located  at  the  peptidyltransferase  center  of  the  ribosomes,  is  involved  in  binding  of  PAP  to  ribosomes  and 
subsequent  depurination  of  the  SRL.  We  have  recently  discovered  that  recombinant  PAP  mutants  with 
alanine  substitution  of  the  active  center  cleft  residues  (FLP-4)  and  ^FND^^  (FLP-7)  that  are  not 

directly  involved  in  the  catalytic  depurination  at  the  active  site  exhibit  >  150-fold  reduced  ribosome 
inhibitory  activity  [(2000)  7.  Biol  Chem.  275,  3382-3390].  We  hypothesized  that  the  partially  exposed 
half  of  the  active  site  cleft  could  be  the  potential  docking  site  for  the  L3  molecule.  Our  modeling  studies 
presented  herein  indicated  that  PAP  residues  90-96,  69-70,  and  118-120  potentially  interact  with  L3. 
Therefore,  mutations  of  these  residues  were  predicted  to  result  in  destabilization  of  interactions  with  rRNA 
and  lead  to  a  lower  binding  affinity  with  L3.  In  the  present  structure-function  relationship  study, 
coiitounoprecipitation  assays  with  an  in  vitro  synthesized  yeast  ribosomal  protein  L3  suggested  that 
these  mutant  PAP  proteins  poorly  interact  with  L3.  The  binding  affinities  of  the  mutant  PAP  proteins  for 
ribosomes  and  recombinant  L3  protein  were  calculated  from  rate  constants  and  analysis  of  binding  using 
surface  plasmon  resonance  biosensor  technology.  Here,  we  show  that,  compared  to  wild-type  PAP,  FLP- 
4/^^AA‘^®  and  FLP-7/^AAA^  exhibit  significantly  impaired  affinity  for  ribosomes  and  L3  protein,  which 
may  account  for  their  inability  to  efficiently  inactivate  ribosomes.  By  comparison,  recombinant  PAP  mutants 
with  alanine  substitutions  of  residues  and  that  are  distant  from  the  active  center  cleft 

showed  normal  binding  affinity  to  ribosomes  and  L3  protein.  The  single  amino  acid  mutants  of  PAP  with 
alanine  substitution  of  the  active  center  cleft  residues  N69  (FLP-20),  F90  (FLP-21),  N91  (FLP-22),  or 
D92  (FLP-23)  also  showed  reduced  ribosome  binding  as  well  as  reduced  L3  binding,  further  confirming 
the  importance  of  the  active  center  cleft  for  the  PAP-ribosome  and  PAP-L3  interactions.  The  experimental 
findings  presented  in  this  report  provide  unprecedented  evidence  that  the  active  center  cleft  of  PAP  is 
important  for  its  in  vitro  binding  to  ribosomes  via  the  L3  protein. 


Pokeweed  antiviral  protein  (PAP)*  is  a  naturally  occurring 
type  I  ribosome-inactivating  protein  (RIP)  isolated  from  the 
leaves  of  the  pokeweed  plant,  Phytolacca  americana  (7,  2). 
The  therapeutic  potential  of  PAP  as  a  ribosome  inhibitory 
anticancer  agent  has  gained  considerable  interest  in  recent 
years  due  to  the  clinical  use  of  native  PAP  as  the  active 
moiety  of  immunoconjugates  against  cancer  {3—6).  PAP 
exhibits  a  highly  specific  RNA  N-glycosidase  activity  that 
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cleaves  the  glycosidic  bond  of  a  single  adenine  base  (A^^^"* 
of  the  tetraloop  sequence  GAGA)  that  is  located  in  the  highly 
conserved  “a-sarcin/ricin  loop”  (SRL)  of  the  large  ribosomal 
RNA  (rRNA)  species  in  eukaryotic  (28S  rRNA)  and 
prokaryotic  (23S  rRNA)  ribosomes  (7,  8).  This  catalytic 
depurination  of  the  SRL  by  PAP  results  in  irreversible 
inhibition  of  protein  synthesis  at  the  translocation  step  by 
impairing  the  elongation  factor  (EF)  1  dependent  binding  of 
aminoacyftRNA  as  well  as  the  GTP-dependent  binding  of 
EF-2  to  the  affected  ribosome  (3,  9— 11). 

Endo  and  Tsurugi  {8)  demonstrated  that  the  ribosome 
inhibitory  protein  ricin-A  chain  is  capable  of  deadenylating 
rat  liver  ribosomes  with  a  Tfcat  value  nearly  lO^-fold  greater 
than  that  measured  using  naked  28S  rRNA.  The  highly 
conserved  catalytic  site  residues  of  the  RIPs  exhibit  virtually 
the  same  level  of  depurinating  activity  for  naked  28S  rRNA 
derived  from  different  species.  However,  these  same  RIPs 
differ  in  their  depurinating  activity  against  intact  ribosomes 
isolated  from  different  species  (7,  72).  These  observations 
imply  an  important  role  for  ribosomal  elements  in  REP— 
rRNA  interactions.  A  recent  study  by  Hudak  et  al.  (73) 
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indicated  that  the  ribosomal  protein  L3,  a  highly  conserved 
protein  located  at  the  peptidyltransferase  center  of  the 
ribosomes,  is  involved  in  the  binding  of  PAP  to  ribosomes 
and  subsequent  depuri nation  of  the  SRL.  Notably,  PAP  failed 
to  depuri nate  ribosomes  in  yeast  cells  expressing  a  mutant 
L3  protein  (73),  prompting  the  hypothesis  that  the  interaction 
of  PAP  with  L3  is  essential  for  its  ability  to  bind  to  and 
inactivate  ribosomes  by  depurination.  Furthermore,  foot¬ 
printing  studies  of  Escherichia  coli  23S  rRNA  studies 
showed  that  L3,  together  with  L6,  has  protected  the  SRL, 
suggesting  that  the  protein  L3  is  located  in  close  proximity 
to  the  SRL  {14), 

We  have  recently  discovered  that  recombinant  PAP 
mutants  with  alanine  substitutions  of  the  active  center  cleft 
residues  (FLP-4)  and  (FLP-7)  that  are  not 

directly  involved  in  the  catalytic  depurination  at  the  active 
site  exhibit  >  150-fold  reduced  ribosome  inhibitory  activity 
(75).  We  hypothesized  that  the  partially  exposed  half  of  the 
active  site  cleft  could  be  the  potential  docking  site  for  the 
L3  molecule.  Our  modeling  studies  indicated  that  PAP 
residues  90”’96,  69—70,  and  118—120  potentially  interact 
with  L3.  The  active  center  cleft  residues  Asn^^,  Asn^®,  and 
Asp^  as  well  as  the  active  site  residue  Arg*^^,  which  is  not 
directly  involved  in  the  catalytic  depurination  of  rRNA, 
promote  specific  interactions  with  the  phosphate  backbone 
of  the  target  SRL  of  rRNA.  On  the  other  hand,  these  residues 
are  on  the  protein  surface,  and  all  but  residue  122  potentially 
interact  with  L3  in  our  model.  Therefore,  mutations  of  these 
residues  were  predicted  to  result  in  destabilization  of 
interactions  with  rRNA  and  lead  to  a  lower  binding  affinity 
with  L3  (except  122).  Coimmunoprecipitation  assays  with 
an  in  vitro  synthesized  yeast  ribosomal  protein  L3  suggested 
that  these  active  center  cleft  mutants  of  PAP  poorly  interact 
with  L3.  The  binding  affinities  of  the  mutant  PAP  proteins 
for  ribosomes  and  recombinant  L3  protein  were  calculated 
from  rate  constants  and  analysis  of  binding  using  surface 
plasmon  resonance  (SPR)  biosensor  technology.  Here,  we 
show  that,  compared  to  wild-type  PAP,  FLP-4/^^iAA^  and 
FLP-7/^AAA’^  exhibit  significantly  impaired  affinity  for 
ribosomes  and  L3  protein,  providing  a  cogent  explanation 
for  their  inability  to  efficiently  inactivate  ribosomes.  The 
single  amino  acid  mutants  of  FAP  with  alanine  substitution 
of  the  active  center  cleft  residues  N69  (FLP-20),  F90  (FLP- 
21),  N91  (FLP-22),  or  D92  (FLP-23)  also  showed  reduced 
L3  binding.  By  comparison,  recombinant  PAP  mutants  with 
alanine  substitutions  of  residues  and  ***SR**^  that  are 

distant  from  the  active  center  cleft  showed  normal  binding 
affinity  to  ribosomes  and  L3  protein.  The  experimental 
findings  presented  herein  provide  unprecedented  evidence 
that  the  active  center  cleft  of  PAP  is  important  for  its  in 
vitro  binding  to  ribosomes  via  the  L3  protein. 

EXPERIMENTAL  PROCEDURES 

Molecular  Modeling,  The  molecular  model  of  the  PAP— 
rRNA  stem  loop  complex  was  derived  from  the  2.4  A  crystal 
structure  of  a  large  ribosomal  subunit  from  Haloarcula 
marismortui  (HM)  (Protein  Data  Bank  access  code  IFFK) 
(7(5)  and  the  crystal  structure  of  the  PAP— nucleotide  complex 
(access  code  Ipag).  This  model  represents  a  refinement  of 
our  recently  published  model  of  the  PAP-rRNA  stem  loop 
complex  (75).  First,  we  superimposed  the  HM  ribosome 


structure  with  the  stem  loop  structure  in  our  previous  PAP— 
RNA  complex  model.  The  conformation  of  rRNA  was 
adjusted  near  the  adenine  A2697  (A2660  in  E,  coli)  of  the 
GAGA  tetraloop,  and  the  rest  of  the  PAP  molecule  was  left 
unchanged.  The  adenosine  was  manually  adjusted  by  a  38® 
rotation  at  the  C5'  position  and  a  5.4  A  translation  of  the 
adenine  ring.  The  model  was  used  to  perform  fixed  docking 
using  the  Docking  module  in  Insightll  employing  the  CVFF 
and  a  Monte  Carlo  strategy  in  the  Affinity  program  (Insightll 
User  Guide  1991,  MSI,  San  Diego,  CA).  The  parameters 
used  in  this  docking  included  searching  for  five  unique 
structures,  with  1000  minimization  steps  for  each  structure, 
energy  range  10.0  kcal/mol,  maximum  translation  of  the 
ligand  of  3.0  A,  maximum  rotation  of  the  ligand  of  10°,  and 
an  energy  tolerance  of  1500  kcal/mol.  During  the  minimiza¬ 
tion  steps  of  the  docking  procedure,  only  the  tetraloop  and 
the  active  site  residues  of  PAP  were  allowed  to  be  flexible, 
whereas  the  rest  of  rRNA  and  PAP  remained  fixed.  The  best 
molecular  position  was  chosen  on  the  basis  of  the  best  Ludi 
score  which  included  the  contribution  of  the  loss  of 
translational  and  rotational  entropy  of  the  RNA  fragment, 
the  number  of  hydrogen  bonds,  the  hydrogen  bond  geometry, 
and  contributions  from  ionic  and  lipophilic  interactions  to 
the  binding  energy.  The  refined  structure  was  then  analyzed 
in  CHAIN  (77).  Finally,  we  examined  the  potential  docking 
site  for  the  L3  molecule.  On  the  basis  of  the  HM  crystal 
structure,  a  rational  choice  for  a  binding  location  for  PAP 
would  be  on  the  outer  surface  near  residues  65  and  350,  in 
a  region  that  does  not  interact  with  rRNA  and  is  closest  to 
the  SRL  region.  Therefore,  the  rRNA  region  containing  SRL 
between  2684  and  2704  (2647  and  2667,  respectively,  in  E. 
coli)  and  the  PAP  molecule  were  docked  as  a  rigid  body 
near  the  aforementioned  region  of  L3.  This  was  accomplished 
using  the  Docking  module  within  the  Insightll  program  in  a 
similar  manner  as  for  the  docking  of  rRNA  to  PAP. 

Construction  of  Mutants,  The  recombinant  wild-type  PAP 
construct  (pBS-PAP)  was  obtained  by  subcloning  the  PAP -I 
gene  (amino  acids  22—313)  at  the  BanMl  and  Hindlll  sites 
of  the  E,  coli  expression  vector,  pBluescript  SK“  (Stratagene, 
La  Jolla,  CA).  PAP  mutants  were  constructed  using  site- 
directed  mutagenesis  techniques  as  described  previously  (75). 

Expression  and  Purification  of  Mutants.  Wild-type  and 
mutant  recombinant  PAP  proteins  were  expressed  in  E.  coli 
MV1190  as  inclusion  bodies,  isolated,  solubilized,  and 
refolded,  as  described  previously  {18).  The  refolded  proteins 
were  analyzed  by  SDS— 12%  polyacrylamide  gel  electro¬ 
phoresis  (PAGE).  Protein  concentrations  were  determined 
from  the  gel  using  bovine  serum  albumin  (BSA)  as  a 
standard. 

Immunoblot  Analysis  of  PAP  Mutants,  One  microgram  of 
the  protein  samples  was  resolved  on  a  SDS— 12%  PAGE 
gel  and  transferred  onto  a  poly(vinylidene  difluoride)  (PVDF) 
membrane  (Roche  Molecular  Bi(x:hemicals,  Indianapolis,  IN) 
using  the  Bio-Rad  trans-blot  apparatus,  as  described  previ¬ 
ously  {18).  The  membrane  was  immunoblotted  using  rabbit 
anti-PAP  serum  (1:2000  dilution)  and  horseradish  peroxidase 
conjugated  goat  anti-rabbit  IgG  (1:1000  dilution)  as  the 
primary  and  secondary  antibodies,  respectively.  The  blot  was 
developed  using  3,3'-diaminobenzidine  (Sigma)  as  the  colo¬ 
rimetric  indicator  for  peroxidase  activity. 

In  Vitro  RNA  Transcription  and  Radiolabeling  of  the  L3 
Protein.  A  plasmid  containing  the  cDNA  (pJD166.trp)  that 
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encodes  the  Saccharomycis  cerevisiae  ribosomal  protein  L3» 
wild  type,  was  a  kind  gift  from  Dr.  Jonathan  D.  Dinman, 
University  of  Medicine  and  Dentistry  of  New  Jersey. 
Radiolabeled  L3  protein  was  synthesized  by  a  linked 
transcription-translation  system  (TNT  T3-coupIed  reticu> 
locyte  lysate  system,  Promega)  according  to  the  manufac¬ 
turer’s  instructions  (Promega).  The  translation  products  were 
resolved  on  SDS— 10%  PAGE;  gels  were  dried  and  auto- 
radiographed. 

Coimmunoprecipitation,  The  mouse  anti-L3  monoclonal 
antibody  was  a  kind  gift  from  Dr.  Jonathan  R.  Warner, 
Department  of  Cell  Biology,  Albert  Einstein  College  of 
Medicine,  Bronx,  NY.  The  in  vitro  synthesized  L3  protein 
(8  X  KJ*  cpm)  was  incubated  with  1  mg  of  wild-type  or 
mutant  PAP  proteins  in  50  mL  (final  volume)  of  binding 
buffer  (10  mM  K2HPO4,  5  mM  NaCl,  pH  8.0)  at  30  °C  for 
30  min.  The  PAP— L3  complex  was  coimmunoprecipitated 
by  adding  5  pL  of  the  mouse  anti-L3  monoclonal  antibody 
(1:500  dilution).  After  60  min  of  incubation  at  30  ®C,  the 
PAP— L3— antibody  complex  was  precipitated  by  addition 
of  50  mL  of  protein  A— Sepharose  beads  that  had  been 
pretreated  with  rabbit  anti-mouse  IgG  (20  pUmL  beads)  and 
the  incubation  continued  for  another  1  h  at  4  °C.  The  beads 
were  washed  three  times  with  phosphate-buffered  saline 
containing  0.1%  Triton  X-100,  and  the  proteins  were  eluted 
from  the  Sepharose  bisads  ^th  SDS  sample  ;  bufferi^Tbe  : 
proteins  were  separated  through  SDS- 12%  PAGE,  trans¬ 
ferred  to  a  PVDF  membrane,  and  probed  with  the  polyclonal 
rabbit  anti-PAP  antibody  (1:2000  dilution)  and  horseradish 
peroxidase  conjugated  goat  anti-rabbit  IgG  (1:1000  dilution) 
as  the  primary  and  secondary  antibodies,  respectively.  The 
blot  was  developed  using  3,3'-diaminobenzidine  (Sigma)  as 
the  colorimetric  indicator  for  peroxidase  activity.  The  dried 
membrane  was  also  exposed  to  autoradiography  to  estimate 
the  amounts  of  L3  protein. 

Preparation  of  Ribosomes  and  Binding  to  PAP  Mutants, 
Ribosomes  were  isolated  fi*om  rabbit  reticulocyte-rich  whole 
blood  (Pel-Freez,  Rogers,  AR),  as  described  previously  {19), 
Ribosome  binding  assays  were  carried  out  by  incubating  5 
pg  samples  of  ribosome  isolates  with  1  pg  of  wild-type  or 
mutant  PAP  proteins  in  50  pi.  of  TKM  buffer  (25  mM  Tris- 
HCl,  pH  8.0,  25  mM  KCI,  5  mM  MgCb)  for  30  min  at  30 
°C.  The  ribosome— PAP  complexes  were  separated  by 
ultracentrifiigation  (90  000  rpm  for  30  min),  and  the  pellet 
was  washed  three  times  with  100  /^L  of  HEPES— T  buffer 
(0.1%  Tween-20,  10  mM  HEPES,  pH  8)  in  order  to  remove 
the  unbound  PAP.  The  proteins  were  solubilized  with  SDS 
sample  buffer,  separated  by  SDS- 12%  polyacrylamide  gel 
electrophoresis  (PAGE),  transferred  to  a  PVDF  membrane, 
and  probed  with  the  polyclonal  antibody  to  PAP. 

Expression  and  Purification  of  Recombinant  L3  Protein 
in  E.  coli.  The  plasmid  containing  the  cDNA  (pJD166.trp) 
that  encodes  the  S,  cerevisiae  wild-type  ribosomal  protein 
L3  was  subcloned  into  the  fusion  vector,  pMAL-c2  (New 
England  Biolabs  Inc.,  Beverly,  MA),  downstream  from  the 
malE  gene,  which  encodes  the  maltose  binding  protein 
(MBP).  The  resulting  construct,  pMAL-L3,  was  transformed 
into  E,  coli  ceils,  and  the  expression  of  the  MBP— L3  fusion 
protein  was  induced  by  the  addition  of  IPTG  (1  mM  final 
concentration).  The  L3  fusion  protein  was  purified  by  binding 
to  an  amylose  affinity  purification  column  according  to  the 
manufacturer’s  instructions  (New  England  Biolabs).  The 
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purified  MBP— L3  fusion  protein  was  analyzed  by  SDS  — 
10%  PAGE. 

Expression  and  Purification  of  Recombinant  L3  Protein 
in  a  Baculovirus  Expression  System,  The  L3  gene  in  plasmid 
pJD166.trp  was  amplified  by  polymerase  chain  reaction 
(PCR)  using  the  Ncol  site-containing  5'-primer,  5'-AAT- 
TATCCATGGCTCACAGAAAGTACG-3',  and  the  EcoRl 
site-containing  3'-primer,  5'-AATTATGAATTCTTATTA- 
CAAGTCCTTCTTCAAAGTACC-3'.  PCR  was  performed 
in  25  cycles  with  a  Ericomp,  DeltaCycler  II,  DNA  Ther¬ 
mocycler  system  using  a  Gene  Amp  kit  (Takara  Shuzo  Co., 
Ltd.)  according  to  the  procedure  recommended  by  the 
supplier.  After  digestion  of  the  PCR  fragment  with  Ncol  and 
£cc?RI,  the  1 170  base  pair  fragment  product  was  cloned  into 
the  pFastBac  HTb  His-tagged  vector.  The  final  construct, 
pFas-L3,  was  expressed  in  SF9  cells  using  the  Bac-To-Bac 
baculovirus  expression  system  (Gibco  Life  Technologies) 
following  the  manufacturer’s  instructions  (Gibco).  The 
6xHis— L3  fusion  protein  was  purified  by  using  the  nickel— 
NTA  spin  kit  (Quiagen,  Inc.),  as  described  in  Quiagen 
protocols. 

Monitoring  of  Binding  Interactions  Using  Surface  Plasmon 
Resonance  Technology,  A  BIAcore  2000  surface  plasmon 
resonance-based  biosensor  system  (Pharmacia  Biosensor  AB) 
was  used  to  m^ure  the  kinetic  paranieters  for  the  interac¬ 
tions  betWeenhSolublerecombinihtP;/^^^^^^^  (ahalytfes) 
and  the  immobilized  ribosomes  or  the  ribosomal  protein  L3 
(ligands).  In  ribosome  binding  assays,  ribosomes  were 
covalently  linked  to  the  dextran  on  the  surface  of  research 
grade  CM5  sensor  chips  via  primary  amino  groups  using 
the  amine  coupling  kit  from  Pharmacia  according  to  the 
manufacturer’s  instructions  (Pharmacia).  Thirty-five  micro¬ 
liters  of  the  ribosome  isolate  (10  pg/niL)  in  10  mM  sodium 
acetate,  pH  5.5,  was  injected  onto  the  surface  at  a  flow  rate 
of  5  pUmin,  Typically,  a  1200  RU  resonance  signal  was 
obtained  following  this  procedure.  The  protein  samples  were 
diluted  in  PBS  buffer  (1  mM  KH2PO4,  10  mM  Na2HP04, 
0.137  M  NaCl,  2.7  mM  KCI,  0.005%  Tween  P20,  pH  7.4) 
to  a  final  concentration  of  50  nM  before  the  injection. 
Samples  were  injected  at  25  °C  at  a  flow  rate  of  5  pL/min 
onto  the  sensor  chip  surface  on  which  the  ribosome  had  been 
immobilized  or  onto  a  control  surface  on  which  BSA  had 
been  immobilized.  The  binding  surface  was  regenerated  by 
washing  with  2  M  NaCl. 

In  binding  assays  using  the  MBP-L3  fusion  protein,  an 
anti-MBP  antibody  was  covalently  linked  to  the  dextran  on 
the  surface  of  research  grade  CM5  sensor  chips  via  primary 
amino  groups  using  the  amine  coupling  kit  (Pharmacia).  The 
CM5  chip  was  activated  by  injecting  a  mixture  of  N- 
hydroxysuccinimide  and  A^-ethyl-Ar.(3-dimethylaminopro- 
pyOcarbodiimide  followed  by  35  pL  of  the  anti-MBP  * 
antibody  (10  pg/mL)  (New  England  Biolabsj  Jn  10  mM 
sodium  acetate,  pH  5.0.  Ethanolamine  hydrochloride,  pH  8.5, 
was  injected  to  block  unreacted  V-hydroxysuccinimide  esters 
(35  pL).  The  MBP— L3  fusion  protein  was  captured  by 
injecting  40  pL  of  the  fusion  protein  (20  pg/mL)  over  the 
surface  of  the  CM5  sensor  chip,  which  was  immobilized 
(amine  coupling)  with  an  anti-MBP  antibody,  at  a  flow  rate 
of  5  pUm\n  in  HBS-EP  buffer  (0.1  M  HEPES,  pH  7.4, 
0.15  M  NaCl,  3  mM  EDTA,  and  0.005%  polysorbate  20). 
Typically,  an  average  resonance  (RU)  signal  of  1500  was 
obtained  by  following  this  procedure.  Unoccupied  sites  were 
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blocked  by  injecting  30  fiL  of  MBP  (25  fxg/mL)  in  HBS~ 
EP  buffer  as  above.  The  protein  samples  were  diluted  in 
HSEM  buffer  (10  mM  HEPES,  pH  8.0, 50  mM  NaCI,  1  mM 
EDTA,  5  mM  MgCl2,  and  0.005%  polysorbate  20)  to  a  final 
concentration  of  50  nM  before  the  injection.  In  a  kinetic 
study,  30  /^L  of  samples  (150  nM)  was  injected  at  25  °C  at 
a  flow  rate  of  8  fiUmm  onto  the  sensor  chip  surface  on  which 
the  MBP— L3  fusion  protein  has  been  captured  or  onto  a 
control  surface  on  which  MBP  had  been  immobilized,  using 
HBS—EP  as  the  running  buffer.  Between  samples,  the 
binding  surfaces  were  regenerated  by  a  3  min  injection  of  1 
M  NaCl  and  50  mM  NaOH  solution  at  a  flow  rate  of  10 
yWL/min.  Each  experiment  was  carried  out  at  least  twice  on 
the  same  chip,  and  samples  were  injected  in  random  order. 

In  binding  assays  using  His-tagged  recombinant  L3  protein 
6xHis-~L3  produced  in  the  baculovirus  expression  system, 
the  NTA  sensor  chip  was  saturated  by  injecting  20  fiL  of 
5(X)  mM  NiCla  solution  at  a  flow  rate  of  20  //L/min  in  NTA 
buffer  (10  mM  HEPES,  0,15  M  NaCl,  50  mM  EDTA, 
0,005%  Surfactant  P20,  pH  7.4).  The  6xHis— L3  protein  was 
diluted  in  NTA  buffer  to  a  final  concentration  of  150  nM 
and  was  immobilized  on  the  sensor  chip  by  injecting  25  pth 
at  a  flow  rate  of  5  //L/min.  Typically,  an  average  resonance 
signal  of  1000  RU  was  obtained  by  following  this  procedure. 
Between  samples,  the  binding  surface  was  regenerated  by 
injecting  30  fiL  of  regeneration  buffer  (10  mM  HEPES,  0.15 
M  NaCl,  0.35  M  EDTA,  0.005  Surfactant  P20,  pH  8.3)  at  a 
flow  rate  of  10  fiUmin. 

For  the  binding  of  L3  protein  to  the  recombinant  wild- 
type  PAP,  the  N-terminus  6xHis“PAP  fusion  protein  was 
used.  The  6  x His— PAP  protein  was  cloned,  expressed,  and 
purified  from  E.  coli  as  described  previously  {18).  The  NTA 
sensor  chip  was  activated  by  injecting  20  mL  of  5(X)  mM 
NiCh  in  NTA  buffer  at  a  flow  rate  of  20  mL/min.  The 
6xHis—PAP  protein  was  diluted  in  NTA  buffer  to  a  final 
concentration  of  150  nM  and  was  immobilized  on  the  sensor 
chip  by  injecting  20  /^L  at  a  flow  rate  of  5  /^L/min,  giving 
a  change  in  RU  value  of  275.  A  30  mL  solution  of  MBP—  ' 
L3  protein  (25  nM)  alone  or  after  preincubation  with  250 
nM  native  or  recombinant  wild-type  PAP  in  buffer  (50  mM 
HEPES,  10  mM  MgCL,  50  mM  NaCl,  pH  7.6)  at  room 
temperature  for  1  h  was  then  injected  over  immobilized 
6 x  His— PAP  at  a  flow  rate  of  8  /^L/min.  Between  samples, 
the  binding  surface  was  regenerated  by  injecting  30  fA.  of 
regeneration  buffer  (10  mM  HEPES,  0.15  M  NaCl,  0.35  M 
EDTA,  0.005  Surfactant  P20,  pH  8.3)  at  a  flow  rate  of  10 
fiUmm.  As  a  control  for  nonspecific  binding,  a  MBP— L3 
sample  solution  was  injected  over  the  flow  cell  without  the 
immobilized  6  x  His— PAP  protein,  and  each  control  signal 
was  subtracted  to  correct  for  a  nonspecific  binding. 

The  primary  data  were  analyzed  using  the  BIAevaluation 
software  (Version  3.0)  supplied  with  the  instrument  (Biacore, 
Inc.).  To  prepare  the  data  for  analysis,  baselines  were 
adjusted  to  zero  for  all  curves,  and  injection  start  times  were 
aligned.  Background  sensorgrams  were  then  subtracted  from 
the  experimental  sensorgrams  to  yield  curves  representing 
specific  binding.  All  of  the  kinetic  data  were  fit  most 
adequately  by  assuming  a  simple  bi molecular  reaction  model 
for  interaction  between  soluble  analyte  and  immobilized 
ligand,  equivalent  to  the  Langmuir  isotherm  for  adsorption 
to  a  surface.  For  determination  of  /ion  only  the  middle  portion 
of  the  association  curve  was  used  for  fitting.  For  determi¬ 


nation  of  ^off  only  the  initial  portion  of  the  curve  encompass¬ 
ing  the  fast  dissociation  phase  was  used  for  fitting.  The 
goodness  of  fit  was  assessed  by  inspecting  the  statistical  value 
and  the  residuals  (observed— calculated).  The  x^  values 
were  low  (<2)  and  the  residuals  randomly  distributed  about 
zero.  The  accuracy  of  the  quantitative  measurements  of  the 
off  rates  for  the  PAP— L3  interactions  may  be  compromised 
because  of  the  very  slow  dissociation  of  the  ligand  from  the 
protein  immobilized  on  the  biosensor  chip. 

RESULTS  AND  DISCUSSION 

Molecular  Model  of  the  PAP^rRNA—L3  Complex  and 
Structure-Based  Design  of  Recombinant  PAP  Proteins  with 
Altered  13  Binding  Affinity.  The  precise  molecular  interaction 
between  the  ribosomal  protein  L3  and  PAP  has  yet  to  be 
revealed  by  a  crystal  structure  of  the  PAP— ribosome 
complex.  However,  on  the  basis  of  the  crystal  structure  of  a 
large  subunit  of  the  H.  marismortui  (HM)  ribosome  (Protein 
Data  Bank  access  code  IFFK),  the  outer  surface  near  residues 
65  and  350,  which  does  not  interact  with  rRNA,  is  the  closest 
region  to  the  a-sarcin/ricin  loop.  Moreover,  on  the  basis  of 
our  previously  published  molecular  model  of  the  PAP— RNA 
stem  loop  complex  (75),  half  of  the  active  site  cleft  of  PAP 
is  in  contact  with  SRL  but  the  other  half  which  consists  of 
four  loop  regions,  including  residues  40—44,  69—70,  91  — 
96  and  120—122,  is  only  partially  in  contact  with  SRL  and 
partially  exposed  to  the  solvent  environment.  We  reasoned 
that  the  partially  exposed  half  of  the  active  site  cleft  of  PAP 
could  be  the  potential  docking  site  for  the  L3  molecule.  We 
constructed  a  molecular  model  to  show  the  proposed  docking 
position  of  L3  relative  to  the  active  site  cleft  of  PAP.  This 
was  accomplished  with  a  docking  procedure  using  a  Monte 
Carlo  simulation  strategy  combined  with  a  docking  score 
evaluation  (see  Experimental  Procedures).  Our  refined  mo¬ 
lecular  model  of  the  PAP— RNA  stem  loop  complexed  with 
L3  is  depicted  in  Figure  1. 

It  has  been  shown  that  C769T  (causing  a  Pro  to  Ser  change 
at  residue  257)  and  G765C  (causing  a  Trp  to  Cys  change  at 
residue  255),  two  adjacent  missense  mutations  of  the  yeast 
RPL3  gene  which  are  predicted  to  structurally  alter  the 
encoded  L3  protein,  significantly  affect  the  programmed  —  1 
ribosomal  frame-shift  efficiencies  of  yeast  ribosomes  {20). 
Interestingly,  the  mutant  protein  also  showed  poor  binding 
to  PAP,  suggesting  that  the  quaternary  structure  of  a 
ribosome  containing  mak8— Ip  may  differ  from  a  wild-type 
ribosome  such  that  the  binding  site  for  PAP  may  be  masked 
in  the  mutant  ribosome  (75).  The  yeast  L3  residues  W255 
and  P257  correspond  to  the  L3  residues  W241  and  P243  in 
H.  marismortui  (HM).  On  the  basis  of  the  recently  resolved 
crystal  structure  of  a  large  ribosomal  subunit  from  HM 
(Protein  Data  Bank  access  code  IFFK)  (76),  these  two 
residues  are  situated  on  the  nonglobular  extension  of  L3, 
deeply  buried  inside  the  ribosome  and  interact  closely  with 
rRNA  reaching  toward  the  peptidyltransferase  site  (Figure 
I  A).  Therefore,  the  notion  that  PAP  might  interact  with  these 
two  residues  is  not  consistent  with  the  new  structural 
information  provided  by  the  HM  crystal  structure  upon  which 
our  model  was  based. 

According  to  our  model,  PAP  residues  43,  67  (paired  with 
97),  69,  70,  92,  206-210,  212-213,  217,  224-225,  and 
253—255  participate  in  its  interaction  with  rRNA.  Our 
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Figure  1:  Molecular  mode!  of  PAP  interactions  with  the  large  ribosome  of  Haloarcula  marismortui  (HM)  and  ribosomal  protein  L3.  (A) 
Model  of  PAP  (green)  interacting  with  the  large  ribosome  unit  with  rRNA  (blue).  L3  (white),  and  the  rest  of  ribosomal  proteins  (red).  As 
illustrated,  the  yeast  W255  and  P257  equivalent  residues.  W241  and  P243.  are  deeply  buried  inside  the  ribosome  and  interact  closely  with 
rRNA  reaching  toward  the  peptidyl  transferase  site.  (B  and  C)  PAP-rRNA-L3  model  as  viewed  from  two  different  angles:  PAP  molecule 
(blue).  L3  (white  ribbon),  and  rRNA  (stick  model,  multicolor).  The  positions  of  the  alanine-substituted  residues  of  the  recombinant  PAP 
mutants  FLP-1,  H^P-4,  FLP-5.  FLP-7.  and  FLP-9  are  indicated.  The  conformation  of  rRNA  (shown  in  white;  phosphate  backbone  in 
yellow)  was  adjusted  around  the  adenine  A2697  (A2660  in  K  coli)  of  the  GAGA  tetraloop,  and  the  rest  of  the  PAP  molecule  remains 
unchanged.  The  adenosine  was  manually  adjusted  by  a  38°  rotation  at  the  C5'  position  and  a  5.4  A  translation  of  the  adenine  ring.  There 
are  no  steric  collisions  between  PAP  and  nearby  ribosomal  proteins.  L3  is  shown  as  a  white  ribbon.  The  loop  region  around  residues  65 
and  350  (based  on  the  anruno  acid  sequence  of  yeast  L3)  is  in  close  contact  with  PAP  in  the  regions  where  mutations  occur  in  FLP-4  and 
FLP-7  but  not  in  the  regions  where  mutations  occur  in  FLP-1,  FLP-5,  and  FLP-9.  The  image  was  created  using  GRASP  software  {23).  (D) 
Detailed  interaction  of  L3  (blue)  with  SRL  (space- filling  model)  and  PAP  (pink  and  green). 


modeling  studies  indicated  that  PAP  residues  69—70.  90— 
96,  and  118—120  potentially  interact  with  L3.  The  active 
center  cleft  residues  Asn^^,  Asn^®.  and  Asp*^^  as  well  as  the 
active  site  residue  Arg*^^.  which  are  not  directly  involved  in 
the  catalytic  depurination  of  rRNA,  promote  specific  interac¬ 


tions  with  the  phosphate  backbone  of  the  target  SRL  of 
rRNA.  On  the  other  hand,  these  residues  are  on  the  protein 
surface,  and  all  but  residue  122  potentially  interact  with  L3 
in  our  model.  Therefore,  mutations  of  these  residues  (except 
for  residue  122)  were  predicted  to  result  in  destabilization 


F  Rajamohan  et  al. 


Biochemistry 


Figure  2:  (A)  Coomassie  Blue-stained  SDS- 12%  PAGE  (A.l)  and  Western  blot  analysis  (A.2)  of  wild-type  (WT)  and  mutant  recombinant 
PAP  proteins.  The  mass  of  the  protein  (in  kDa)  is  shown  on  the  right.  Each  lane  contained  5  fig  of  recombinant  PAP  protein.  (B  and  C) 
Association  of  PAP  mutants  with  ribosomes  isolated  from  rabbit  reticulocyte  enriched  blood.  (B.l)  Total  ribosomal  protein  (5  ug)  was 
incubated  with  1  fig  of  PAP,  and  the  ribosome~*PAP  complexes  were  isolated  by  ultracentrifugation.  The  ribosome— PAP  complexes  were 
separated  through  SDS- 12%  PAGE,  electroblotted  onto  a  poly(vinylidene  difluoride)  (PVDF)  membrane,  and  immunoblotted  with  a  polyclonal 
antibody  to  PAP.  (B.2)  A  fraction  (5  mL)  of  the  reaction  mixture,  prior  to  separation  of  the  PAP-ribosome  complex,  was  removed,  separated 
through  SDS- 12%  PAGE,  transferred  to  PVDF  membrane,  and  immunoblotted  with  a  polyclonal  antibody  to  PAP.  The  results  show  that 
equal  amounts  of  PAP  proteins  were  added  to  the  reaction  mixture.  (C)  Representative  sensorgram  showing  the  binding  of  wild-type  and 
mutant  PAP  to  rabbit  ribosomes  immobilized  on  a  CM5  sensor  chip.  Wild-type  or  mutant  PAP  proteins  were  injected  onto  the  surface  on 
which  1200  RU  of  the  MBP— L3  fusion  protein  had  been  immobilized  at  a  flow  rate  of  5  /rL/min  (40 //L  total  volume). 


of  interactions  with  rRNA  and  lead  to  a  lower  binding  affinity 
with  L3.  The  mutant  PAP  protein  FLP-4  (^^AA^®)  has  been 
engineered  by  alanine  substitution  of  the  active  center  cleft 
residues  N69  and  N70.  These  residues  are  located  on  an 
antiparallel  ^  turn  and  interact  via  hydrogen  bonds  with  the 
backbone  of  rRNA  from  the  A  +1  position  to  the  A  +3 
position.  Both  residues  are  in  close  contact  with  the  region 
near  residue  350  on  L3  (Figure  1B,C).  FLP-7  ("^AAA’^)  has 
been  engineered  by  alanine  substitution  of  the  active  center 


cleft  residues  90  92.  These  residues  are  positioned  on  the 
C-terminal  end  of  the  ^1  strand  and  are  predicted  to 
contribute  to  the  binding  of  PAP  to  the  tetraloop  structure 
of  RNA.  D92  interacts  with  the  base  of  0(4- 1).  F90  can  have 
van  der  Waals  interactions  with  four  nearby  hydrophobic 
residues.  The  side  chain  of  residue  N9I  is  located  further 
away  from  SRL  than  D92  and  has  little  contact  with  the 
tetraloop  (Figure  ID).  Mutation  of  F90  is  anticipated  to  affect 
the  local  conformation  of  the  ^8  strand  and  the  following 
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Table  I:  Kinetic  Rates  and  Dissociation  Constants  of  the  Binding  Interactions  between  Recombinant  PAP  Proteins  and  Intact  Rabbit 

Ribosomes 

mutants 

original  residue 
numbered 

substituted 

residue 

UCM-'s-')* 

Kd  (nM)' 

Ko/Ko  of 
wild-type  PAP 

wild  type 

8.0  ±0.3  X  10^ 

2.3  ±0.1  X  10-* 

0.3  ±  0. 1 

1 

FLP-4 

69AA70 

3.4  ±0.1  X  10* 

1.8  ±0.1  X  I0-* 

4.7  ±  0.4 

16 

FLP-5 

71LY72 

’«AA72 

4.8  ±0.1  X  10* 

1.1  ±0.12  X  lO-* 

0.2  ±0.1 

0.9 

FLP-7 

90pND’2 

^AAA^ 

1.5  ±0.1  X  10* 

1.2  ±0.12  X  10-* 

7.8  ±  0.5 

28 

FLP-8 

insRM2 

imAA»«2 

3.7  ±0.3  X  10* 

3.3  ±0.13  X  10-’ 

0.9  ±0.1 

3-0 

FLP-9 

l22j^Y'23 

I22AA123 

8.2  ±  0.8  X  10* 

6.2  ±0.5  X  10-’ 

0.8  ±  0.2 

2.7 

FLP-20 

N69 

A69 

2.0  ±0.1  X  10* 

1.8  ±0.2  X  10-* 

9.0  ±  0.3 

30 

FLP-21 

F90 

A90 

2.3  ±0.1  X  10* 

1.2  ±0.1  X  10"* 

5.2  ±  0.4 

17 

FLP-22 

N91 

A91 

2.0  ±0.1  X  10* 

1.7  ±0.1  X  10-* 

8.5  ±  0.5 

28 

FLP-23 

D92 

A92 

3.0  ±0.2  X  10* 

2.0  ±0.1  X  10* 

6.7  ±  0.6 

22 

"  kon  is  the  average  and  SD  of  measurements  from  the  association  phase  from  two  cycles,  where  50  nM/150  nM  samples  were  injected.  *  Jtofr  is 

the  average  and  SD  of  measurements  from  the  dissociation  phase  from  two  cycles,  where  50  nM/150  nM  samples  were  injected.  ^  Ko  —  kot^koa^ 

loop  region  which  consists  of  residues  121  —  123.  Mutation 
of  N91  is  predicted  to  have  less  effect  on  binding  to  SRL. 
Meanwhile,  residues  91  and  92  are  near  residue  58  of  a  loop 
region  on  L3  (see  Figure  ID).  Residue  N91,  but  not  F90 
and  D92,  may  interact  with  this  loop  region  on  L3  near 
residue  65  (Figure  1B,C).  Thus  mutation  of  F90  is  anticipated 
to  affect  the  local  conformation  of  the  ^8  strand  and  the 
following  loop  region  which  consists  of  residues  121—123. 
Taken  together,  both  FLP-4  and  FLP-7  were  anticipated  to 
show  impaired  binding  of  PAP  to  rRNA  and  disrupt  binding 
to  L3.  The  single  amino  acid  substitution  mutants  of  PAP, 
FLP-20  (N69A),  FLP-21(F90A),  FLP>22  (N91  A),  and  FLP- 
23  (D92A),  were  engineered  and  tested  in  order  to  further 
confirm  the  importance  of  the  PAP  active  center  cleft 
residues  N69,  F90,  N91,  and  D92  for  the  ability  of  PAP  to 
bind  L3.  FLP-24  (N70A)  which  was  also  engineered  could 
not  be  included  in  biochemical  analyses  because  it  was 
unstable  under  our  solubilization  and  refolding  conditions. 

The  121—123  loop  of  PAP  is  close  enough  to  interact  with 
the  sugar,  base,  and  phosphate  groups  of  the  targeted 
adenosine  but  is  too  distant  to  affect  L3  binding.  Both  Y72 
(mutated  in  FLP-‘5)  and  Y123  (mutated  in  FLP-9)  can  interact 
by  aromatic  group  stacking  with  the  base  ring  of  the  target 
adenosine  on  the  basis  of  the  crystal  structure  of  PAP— FMP 
complex  (27)  and  our  current  model.  The  side  chain  of  Y123 
is  partially  exposed  on  the  PAP  surface,  but  the  side  chain 
of  Y72  is  mostly  buried.  Thus  Y72  and  Y123  are  unlikely 
to  interact  with  L3  although  mutations  of  Y72  and  Y123 
are  predicted  to  have  a  significant  impact  on  substrate 
turnover.  Due  to  the  reasons  mentioned  previously,  both 
FLP-5  (’*AA^^)  and  FLP-9  (*^AA*^)  should  have  un¬ 
impaired  binding  to  L3.  The  control  mutants  FLP-1  and 
FLP-8  with  alanine  substitutions  of  residues  ^KD^®  and 
iiiSRn2  distant  from  the  active  center  cleft  and  are 

too  distant  to  be  interact  with  L3  on  the  basis  of  our  model 
were  predicted  to  exhibit  normal  L3  binding  (Figure  1B,C). 

The  recombinant  PAP  mutants  with  alanine  substitutions 
were  constructed  using  site-directed  mutagenesis,  as  previ¬ 
ously  described  {15).  These  mutant  proteins  were  expressed 
in  the  E.  coli  strain,  MV  1190,  as  inclusion  bodies,  purified, 
solubilized,  refolded,  and  analyzed  by  SDS— PAGE  (Figure 
2A).  Each  of  the  mutant  PAP  proteins  had  an  apparent 
molecular  mass  of  33  kDa,  similar  to  that  of  the  recombinant 
wild-type  PAP  (Figure  2A.  1).  The  refolded  recombinant 
wild-type  and  mutant  proteins  were  highly  immunoreactive 
with  the  anti-PAP  serum  (Figure  2A.2).  In  a  recent  study, 
we  demonstrated  that  the  translation  inhibition  IC50  values 


of  the  catalytic  site  mutants  FLP-5  (^*LY^^)  and  FLP-9 
(122 aa*^),  as  well  as  the  active  center  cleft  mutants  FLP-4 
(^’AA^®)  and  FLP-7(^AAA^)  ,were  much  higher  than  those 
of  wild-type  PAP  (75).  Furthermore,  using  a  sensitive  HPLC 
method  for  measuring  the  amount  of  adenine  released  by 
these  mutants  from  E,  coli  23/16S  rRNA,  we  determined 
that  wild-yype  PAP  releases  396  pmol  of  adenine///g  of 
RNA,  whereas  FLP-4  releases  only  46  pmol  of  adenine//2g 
of  RNA  and  FLP-7  releases  only  19  pmol  of  adenine///g  of 
RNA  (75).  The  ribosome  inhibitory  activities  of  the  recom¬ 
binant  PAP  mutants  with  alanine  substitutions  of  residues 
^KD^^  and  ***SR^*^  that  are  distant  from  the  catalytic  site 
and  active  center  cleft  (FLP-1  and  FLP-8),  however,  were 
comparable  to  that  of  the  wild-type  PAP  (75). 

Interaction  of  Wild-Type  or  Mutant  Recombinant  PAP 
Proteins  with  Rabbit  Ribosomes.  To  evaluate  the  ability  of 
recombinant  PAP  proteins  to  bind  ribosomes,  intact  ribo¬ 
somes  from  rabbit  reticulocytes  were  treated  with  the  various 
PAP  proteins,  the  ribosome— PAP  complexes  were  isolated, 
and  the  ribosome-bound  PAP  proteins  were  detected  by 
immunoblot  analysis  using  a  rabbit  anti-PAP  antibody.  As 
shown  in  Figure  2B.1,  the  active  center  cleft  mutants  FLP- 
4,  FLP-7,  FLP-20,  FLP-21,  FLP-22,  and  FLP-23  showed  less 
binding  to  intact  ribosomes  than  wild-type  PAP.  By  contrast, 
all  other  recombinant  PAP  proteins,  including  the  catalytic 
site  mutants  FLP-5  and  FLP-9,  bound  to  the  ribosomes  as 
much  as  wild-type  PAP  did  (Figure  2B.1).  Controls  con¬ 
firmed  that  similar  amounts  of  PAP  proteins  were  used  in 
the  resp>ective  incubations  and  immunoprecipitations  (Figure 
2B.2). 

We  next  compared  the  binding  affinity  of  recombinant 
PAP  proteins  for  the  intact  ribosomes  by  surface  plasmon 
resonance.  The  active  center  cleft  mutants  FLP-4  and  FLP-7 
had  slower  on  rates  and  faster  off  rates  than  the  wild-yype 
recombinant  PAP  protein  (Figure  2C,  Table  1).  The  affinities 
of  FLP-4  (ATd  =  4.7  nM)  and  FLP-7  (ATd  =  7.8  nM)  for  the 
intact  rabbit  ribosomes  were  16- fold  and  28-fold  lower, 
respectively,  than  the  affinity  of  the  wild-type  PAP  (ATd  = 
0.3  nM)  protein  (Table  1).  The  single  amino  acid  mutants 
of  PAP  with  alanine  substitution  of  the  active  center  cleft 
residues  N69  (FLP-20),  F90  (FLP-21),  N91  (FLP-22),  or  D92 
(FLP-23)  also  showed  >  10- fold  reduced  ribosome  binding, 
further  confirming  the  importance  of  the  active  center  cleft 
for  the  PAP— ribosome  interactions  (Table  1).  By  compari¬ 
son,  the  affinity  of  the  catalytic  site  mutant  FLP-5  (A'd  = 
0-2  nM)  was  virtually  identical  to  that  of  wild-type  PAP, 
and  the  affinity  of  the  other  catalytic  site  mutant  FLP-9  {Kx> 
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Figure  3:  Association  of  wild-type  and  mutant  PAP  proteins  with 
in  vitro  synthesized  ribosomal  protein  L3.  (A.l)  Coimmunopre- 
cipitated  PAP  revealed  by  immunoblotting  using  anti-PAP  antibody. 
^^S-Labeled  L3  was  incubated  with  wild-type  and  mutant  PAP 
proteins  and  coimmunoprecipitated  with  protein  A— Sepharose 
beads  precoated  with  monoclonal  antibody  to  L3.  The  PAP—L3 
complexes  were  separated  through  SDS-12%  PAGE,  transferred 
to  a  PVDF  membrane,  and  immunoblotted  with  a  polyclonal  anti- 
PAP  antibody.  (A.2)  The  blot  was  exposed  to  X-ray  film,  showing 
equal  amounts  of  labeled  L3  protein  in  each  reaction.  (A. 3)  A 
fraction  (5  ^L)  of  the  reaction,  prior  to  the  coinununoprecipitation, 
was  removed  from  the  reaction,  separated  through  SDS-12% 
PAGE,  transferred  to  a  PVDF  membrane,  and  immunoblotted  with 
a  polyclonal  antibody  to  PAP.  The  results  show  that  equal  amounts 
of  PAP  were  added  to  each  reaction.  (B.l  and  C.l)  Coimmuno¬ 
precipitated  L3  revealed  by  immunoblotting  using  anti-L3  antibody. 
^^S-Labeled  L3  was  incubated  with  wild-type  and  mutant  PAP 
proteins  and  coimmunoprecipitated  with  protein  A*-Sepharose 
beads  precoated  with  anti-PAP  antibody.  The  PAP-L3  complexes 
were  separated  through  SDS-12%  PAGE,  transferred  to  a  PVDF 
membrane,  and  immunoblotted  with  a  monoclonal  anti-L3  antibody. 
(B.2  and  C.2)  A  fraction  (5  /iL)  of  the  reaction,  prior  to  the 
coimmunoprecipitation,  was  removed  from  the  reaction,  separated 
through  SDS— 12%  PAGE,  dried,  and  autoradiographed.  The  results 
show  that  equal  amounts  of  labeled  L3  protein  were  added  in  each 
reaction.  (B.3  and  C3)  A  fraction  (5/^L)  of  the  reaction,  prior  to 
the  coimmunoprecipitation,  was  removed  from  the  reaction,  sepa¬ 
rated  through  SDS— 12%  PAGE,  transferred  to  a  PVDF  membrane, 
and  probed  with  polyclonal  antibody  to  PAP.  The  results  show  that 
equal  amounts  of  PAP  were  added  to  each  reaction. 
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=  0.8  nM)  was  3-fold  lower  than  that  of  the  wild  type.  The 
affinity  of  mutant  FLP-8  =  0.9  nM),  with  alanine 
substitutions  of  residues  "'SR"^  that  are  distant  from  the 
active  center  cleft,  was  only  3-fold  lower  than  that  of  wild- 
type  PAP  (Table  1).  Taken  together,  these  results  demonstrate 
that  the  active  center  cleft  residues  are  critical  for  the 
ribosome  binding  of  PAP. 

Interaction  of  Wild-Type  or  Mutant  Recombinant  PAP 
Proteins  with  the  Ribosome  Protein  U.  The  ribosomal 
protein  L3,  a  highly  conserved  protein  located  at  the 
peptidyltransferase  center  of  the  ribosomes,  plays  a  critical 
role  in  the  binding  of  PAP  to  ribosomes  and  subsequent 
depurination  of  the  SRL  (73).  Therefore,  we  next  sought  to 
determine  if  the  active  center  cleft  mutants  FLP-4,  FLP-7, 
FLP-20,  FLP-21,  FLP-22,  and  FLP-23,  which  exhibited  poor 
binding  to  intact  rabbit  ribosomes,  can  bind  L3  protein.  To 
this  end,  we  treated  an  in  vitro  synthesized  yeast  ribosomal 
protein  L3  preparation  with  various  recombinant  PAP 
proteins,  immunoprecipitated  with  a  monoclonal  anti-L3 
antibody,  and  examined  the  L3  immune  complexes  for  the 
presence  of  any  coimmunoprecipitated  PAP  protein  by 
immunoblotting  with  a  polyclonal  anti-PAP  antibody.  The 
L3  immune  complexes  contained  relatively  less  FLP-4  or 
FLP-7  than  other  PAP  proteins  (Figure  3A.1).  By  compari¬ 
son,  FLP-1,  FLP-5,  FLP-8,  and  FLP-9  were  coimmunopre¬ 
cipitated  as  effectively  as  wild-type  PAP.  Controls  confirmed 
that  similar  amounts  of  L3  (Figure  4A.2)  and  mutant  PAP 
proteins  (Figure  4A.3)  were  used  in  the  respective  incuba¬ 
tions  and  immunoprecipitations.  Similarly,  the  immune 
complexes  of  FLP-4  and  FLP-7  contained  much  less  L3 
protein  than  the  immune  complexes  of  FLP-1,  FLP-5,  FLP- 
PLP"9  or  wild-type  PAP,  when  the  recombinant  PAP 
proteins  were  immunoprecipitated  with  the  anti-PAP  anti¬ 
body  and  the  coimmunoprecipitation  of  L3  protein  was 
monitored  by  immunoblotting  with  the  anti-L3  monoclonal 
antibody  (Figure  3.B1— B3).  The  poor  coimmunoprecipita¬ 
tion  of  mutant  PAP  proteins  FLP-4  and  FLP-7  with  the  in 
vitro  synthesized  yeast  L3  protein  indicates  that  the  active 
center  cleft  residues  ‘’NhF®  and  ’"FND’^  (but  not  the  residues 
^KD®,  ^*LY^,  or  outside  the  active  center 

cleft)  play  a  pivotal  role  in  L3  binding.  The  single  amino 
acid  substitution  mutants  FLP-20  (N69A),  FLP-21  (F90A), 
FLP-23  (D92A),  and,  albeit  to  a  lesser  degree,  FLP-22 
(N91A)  also  showed  reduced  L3  binding,  which  provided 
further  evidence  that  the  active  center  cleft  residues  N69, 
F90,  D92,  and,  to  a  lesser  degree,  N91  contribute  to  the 
ability  of  PAP  to  bind  the  L3  protein  (Figure  3C.1-C.3). 

In  binding  assays  using  a  His-tagged  recombinant  wild- 
type  PAP  protein  which  was  immobilized  on  the  BIAcore 
sensor  chip  and  surface  plasmon  resonance  technology, 
which  permits  direct  measurements  of  the  association  and 
disscoation  kinetics  of  binding  interactions,  recombinant 
wild-type  PAP  exhibited  high-affinity  binding  to  L3  protein 
(k^  =  5.2  X  1(P  M-'  s-',  id  =  4.3  X  IQ-*  s"',  and  Kd  =  8.2 
nM).  This  binding  was  blocked  by  treating  the  L3  protein 
with  excess  soluble  recombinant  wild-type  PAP  or  excess 
native  PAP,  confirming  the  specificity  of  the  binding 
interactions  (Figure  4). 

We  next  sought  to  compare  the  affinity  of  recombinant 
PAP  proteins  for  the  L3  protein  by  surface  plasmon 
resonance.  In  the  first  series  of  experiments,  we  used  MBP— 

L3  protein  produced  in  E.  coli  (Figure  5.A1  and  A2).  The 
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Figure  4:  Binding  specificity  of  L3  protein  to  immobilized  recombinant  wild-type  PAP.  6xHis-PAP  was  immobilized  onto  the  NTA- 
modified  surface  at  a  level  of  275  RU.  A  30  mL  solution  (25  nM)  of  MBP-L3  fusion  protein  was  preincubated  without  or  with  250  nM 
native  PAP  or  recombinant  wild-type  PAP  at  room  temperature  for  1  h  and  was  then  injected  over  immobilized  6xHis“PAP  at  a  flow  rate 
of  8  //L/min.  Between  samples,  the  binding  surface  was  regenerated  by  injecting  30/^L  of  regeneration  buffer  at  a  flow  rate  of  10/iL/min. 


Table  2:  Kinetic  Rates  and  Dissociation  Constants  of  the  Binding  Interactions  between  Recombinant  PAP  Proteins  and  Recombinant  Yeast 
Ribosomal  Protein  L3  (MBP~L3) 

mutants 

original  residue 
numbered 

substituted 

residue 

U(M-'  s-')” 

(M-' s-')* 

(nMf 

Kd/Ku  of 
wild-type  PAP 

wild  type 

3.3  ±  0.2  X  10* 

8.6  ±0.5  X  10-’ 

2.6  db  0.2 

1 

FLP-1  ‘ 

28KD29 

28aA» 

4.5  ±0.3  X  10* 

2.2  ±0.1  X  10-* 

4.7  ±  0.3 

1.7 

FLP-4 

69NN70 

"AA’o 

3.1  ±0.1  X  10* 

4.2  ±  0.3  X  10-* 

13.4  db  0.9 

5.2 

FLP-5 

’'AA« 

5.3  ±  0.4  X  10* 

7.9  ±0.4  X  10-’ 

1.5  i:  0.1 

0.6 

FLP-7 

oopNO" 

’OAAA*” 

2.1  ±0.2  X  10* 

2.5  ±  0.2  X  10-* 

11.9  ±0.9 

4.6 

FLP-9 

I22RY123 

122aA»23 

3.7  ±0.2  X  10* 

1.1  ±0.1  X  10-* 

3.0  ±  0.2 

l.l 

FLP-20 

N69 

A69 

3.4  ±  0.2  X  10* 

4.4  ±0.3  X  10-* 

12.9  ±  1.1 

4.6 

FLP-21 

F90 

A90 

1.7  ±0.1  X  10* 

2.6  ±  0.2  X  10-* 

15.7  ±  1.3 

6.0 

FLP-22 

N91 

A91 

1.4  ±0.1  X  10* 

2.5  ±0.2  X  10-* 

17.8  ±  2.0 

6.8 

FLP-23 

D92 

A92 

2.5  ±  0.2  X  10* 

4.3  ±0.3  X  10-* 

17.2  ±  2.0 

6.6 

"  /ton  is  the  average  and  SD  of  measurements  from  the  association  phase  from  two  cycles,  where  50  nM/l50  nM  samples  were  injected.  *  k^if  is 

the  average  and  SD  of  measurements  from  the  dissociation  phase  from  two  cycles,  where  50  nM/150  nM  samples  were  injected.  ^  Kd  = 

MBP  protein  fused  to  the  N-terminus  of  the  yeast  ribosomal 
protein  L3  allowed  the  L3  protein  to  be  captured  in  a  unique 
homogeneous  orientation  on  the  BIAcore  sensor  chip.  Figure 
5.A3  shows  a  representative  sensorgram  that  was  used  to 
generate  the  kinetic  constants  summarized  in  Table  2.  The 
binding  traces  were  analyzed  assuming  a  single  bimolecular 
binding  equilibrium  between  PAP  and  L3  proteins.  The 
active  center  cleft  mutants  FLP-4  and  FLP-7  had  slower  on 
rates  and  faster  off  rates  than  the  wild-type  recombinant  PAP 
protein  (Table  2,  Figure  5.  A3).  The  affinities  of  FLP-4  {Kd 
^  13.4  nM)  and  FLP-7  (Kd  =  1 1-9  nM)  for  MBP-L3  were 
approximately  5-fold  lower  than  the  affinity  of  wild-type 
PAP.  The  single  amino  acid  substitution  mutants  FLP-20 
(N69A),  FLP-21  (F90A),  FLP-23  (D92A),  and  FLP-22 
(N91A)  also  showed  a  reduced  affinity  toward  L3  binding. 
Although  FLP-22  showed  better  binding  to  yeast  L3  protein 
than  FLP-20,  FLP-2L  and  FLP-23  (see  Figure  3),  it  did  not 
exhibit  a  higher  affinity  than  those  other  active  cleft  mutants 


toward  the  MBP-L3  protein  (Table  2).  Thus,  the  MBP  tail 
might  affect  the  binding  interactions  of  L3  with  PAP. 
Nevertheless,  the  binding  affinities  of  all  other  recombinant 
PAP  proteins  for  the  MBP~L3  fusion  protein  were  similar 
to  that  of  wild-yype  PAP  (Table  2). 

Virtually  identical  results  were  obtained  in  binding  assays 
using  a  His-tagged  recombinant  L3  protein  (6xHis— L3) 
produced  in  the  baculovirus  expression  system  (Table  3, 
Figure  5.B1— B3).  These  findings  extend  the  coimmunopre- 
cipitation  results  and  demonstrate  the  importance  of  the  PAP 
active  cleft  residues  for  the  binding  interactions  between  PAP 
and  the  ribosomal  protein  L3.  As  shown  in  Figure  5.B4,  the 
high-affinity  L3  binding  of  the  catalytic  site  mutants  FLP-5 
and  FLP-9  confirmed  that  alanine  substitution  of  the  highly 
conserved  catalytic  site  residues  Tyr^^  and  Tyr*^^  does  not 
affect  the  binding  of  PAP  to  the  L3  protein,  which  is  in 
agreement  with  the  assumed  role  of  these  residues  in  binding 
of  PAP  to  the  SRL  of  rRNA  (20-22), 
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Table  3:  Kinetic  Rate  and  Dissociation  Constants  of  the  Binding  Interactions  between  Recombinant  PAP  Proteins  and  Recombinant  Yeast 


Rihn<;omal  Protein  L3  (MBP'-L3)  _ _ _ _ _ — - - - 

mutants 

original  residue 
numbered 

substituted 

residue 

s-'r 

(M-*  s-*)*’ 

KoinW 

Ko/Koof 
wild-type  PAP 

wild  type 

FLP-4 

FLP-5 

FLP-7 

FLP-8 

FLP-9 

(Wfjhpo 

7ILY^ 

’®FND’^ 

nisRii2 

I22RYI23 

69AA™ 

T'AA'” 

»AAA” 

•"AA"^ 

I22aA>» 

4.4  ±0.4  X  10* 
4.2  ±0.3  X  10* 
5.0  ±0.5  X  10* 

4.2  ±  0.4  X  10* 

3.4  ±0.3  X  10* 

6.3  ±0.5  X  10* 

1.5  ±0.18  X  10-* 

7.5  ±0.31  X  10-* 

2.3  ±0.21  X  10-* 

5.7  ±  0.38  X  10-* 

1.2  ±0.09  X  10-* 

2.5  ±0.17  X  10'* 

3.5  ±  0.2 

18.1  ±0.9 

4.6  ±  0.3 
13.8  ±0.6 

3.6  ±  0-3 

4.0  ±  0.3 

1.0 

5.2 

1.2 

4.0 

1.0 

1.2 

«  k  is  the  average  and  SD  of  measurements  from  the  association  phase  from  two  cycles,  where  50  nl^lSO  nM  samples  were  iry^led.  is 

the  aCerage  and  SD  of  measurements  from  the  dissociation  phase  from  two  cycles,  where  50  nM/150  nM  samples  were  injected.  Kd 

The  recombinant  PAP  protein  used  in  this  study  contains 
a  22  amino  acid  N-terminal  signal  peptide  and  a  29  amino 
acid  C-terminal  peptide  {15.  18).  Our  previous  work  dem¬ 
onstrated  that  the  ribosome  inhibitory  activities  of  the  native 
and  recombinant  wild-type  protein  are  comparable  (IC50  ” 
0.010  ±  0.004  versus  0.013  ±  0.005  mg/mL)  (18).  Further¬ 
more,  our  present  study  shows  that  native  PAP  effectively 
blocks  the  binding  of  our  recombinant  PAP  to  the  L3  protein. 
Nevertheless,  our  binding  data  obtained  with  the  recombinant 
PAP  protein  might  not  accurately  reflect  the  binding  of  the 
native  protein  to  the  ribosomes  in  vivo.  We  are  currently 
trying  to  cocrystallize  native  PAP  and  L3  to  decipher  the 


exact  structural  basis  for  their  interaction.  Ultimately,  co¬ 
crystallization  of  PAP  and  a  large  ribosomal  subunit  will  be 
required  to  better  understand  the  in  vivo  binding  of  PAP  to 
ribosomes  and  ribosomal  proteins  such  as  L3. 

In  summary,  we  employed  molecular  modeling,  structure- 
based  protein  design,  and  site-directed  mutagenesis  combined 
with  standard  immunoprecipitation  assays  and  surface  plas- 
mon  resonance  technology  to  elucidate  the  putative  role  of 
the  PAP  active  center  cleft  in  the  binding  of  PAP  to  the 
ribosomal  protein  L3,  which  has  been  previously  shown  to 
mediate  the  binding  of  PAP  to  ribosomes.  Our  findings 
provide  experimental  evidence  that  the  active  center  cleft  of 
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PAP  is  important  for  its  binding  to  ribosomes  via  the  L3 
protein  and  therefore  its  access  to  the  target  a-sarcin/ricin 
loop  of  the  large  ribosomal  RNA  (rRNA)  species  in 
eukaryotic  (28S  rRNA)  and  prokaryotic  (23S  rRNA)  ribo¬ 
somes  (7, 8).  The  insights  gained  from  this  study  also  explain 
why  and  how  the  conserved  charged  and  polar  side  chains 
located  at  the  active  center  cleft  of  PAP  that  do  not  directly 
participate  in  the  catalytic  deadenylation  of  ribosomal  RNA 
play  a  critical  role  in  the  catalytic  removal  of  the  adenine 
base  from  target  rRNA  substrates  by  affecting  the  binding 
interactions  between  PAP  and  ribosomes. 

The  ribosomal  protein  L3  is  expected  to  bind  to  and  may 
stabilize  the  rRNA  conformation  in  which  SRL  can  most 
effectively  bind  to  and  react  with  PAP.  In  our  model,  PAP 
mutations  such  as  D92A  would  affect  binding  with  SRL  and 
may  thus  cause  PAP  to  adopt  an  unusual  binding  mode  with 
the  tetraloop  which  consequently  changes  the  docking 
position  of  L3.  Additionally,  L3,  rRNA,  and  PAP  are  not 
three  separated  identities.  They  form  an  integrated  complex 
sharing  an  overlapped  binding  region.  Interaction  between 
two  componets  of  this  complex  would  affect  their  interaction 
with  the  third  component.  Therefore,  under  physiologic 
conditions,  L3  may  have  reduced  binding  affinity  to  the  PAP 
mutants  which  have  impaired  binding  with  SRL.  We 
postulate  that  the  active  center  cleft  mutants  would  have 
markedly  reduced  ability  to  interact  with  the  L3  ribosomal 
protein  under  physiologic  conditions  because  of  their  poor 
L3  binding  as  well  as  poor  rRNA  binding. 

Our  results  showing  the  ability  of  PAP  to  bind  purified 
L3  in  the  absence  of  other  ribosomal  components  indicate 
that  conformational  changes  of  L3,  if  any  should  occur  as  a 
result  of  its  incorporation  into  the  ribosome,  are  not  required 
for  its  interactions  with  PAP.  Therefore,  our  model  for  L3— 
PAP  interactions  did  not  take  into  account  any  conforma¬ 
tional  changes  which  may  occur  when  L3  is  incorporated 
into  the  ribosome.  The  elucidation  of  the  exact  details  of 
the  physical  interactions  between  L3  and  PAP  will  require 
the  cocrystallization  of  these  two  proteins  and  ideally  the 
cocrystallization  of  a  large  ribosomal  subunit  and  PAP. 
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Fig.  1.  Molecular  model  of  PAP-rRNA  stem  loop  complex.  A,  PAP  molecule  (blue)  interacting  with  the  SRL  region  of  rRNA  (white).  The 
positions  of  the  alanine-substituted  residues  of  the  recombinant  PAP  mutants  FLP-1,  FLP-4,  FLP-7,  FLP-8,  and  FLP-9  are  indicated.  The 
conformation  of  rRNA  (colored  in  white;  phosphate  backbone  in  yellow)  was  adjusted  around  the  adenine  A^®®^  in  E.  coli)  of  the  GAGA 

tetraloop,  and  the  rest  of  the  PAP  molecule  remained  unchanged.  The  adenosine  was  manually  adjusted  by  a  38®  degree  out-flipping  rotation  at 
the  C5'-position  and  a  5.4-A  translation  of  the  adenine  ring.  There  are  no  steric  collisions  between  PAP  and  nearby  ribosomal  proteins.  R,  close-up 
view  of  PAP  (blue)  interacting  with  rRNA.  The  rRNA  including  the  target  tetraloop  GAGA  is  shown  in  a  white  ball-and- stick  model  (phosphate 
groups  in  yellow).  The  active  site  residues  of  PAP  including  Tyr"^^,  Arg^"^®,  Glu^”^®,  and  Tyr^^^,  which  are  shown  as  a  ball-and-stick  model,  are  critical 
in  catalysis.  The  ribosomal  proteins  are  not  shown  for  clarity.  This  figure  was  prepared  using  MOLSCRIPT  (27)  and  RASTER3D  (28). 


proteins  were  dissolved  in  HSEM  buffer  (10  mM  HEPES,  pH  8.0,  50  mM 
NaCI,  1  mM  EDTA,  5  mM  MgClg)  to  yield  a  final  concentration  of  5 
pg/ml.  In  a  kinetic  study,  30-pl  samples  (150  nM)  were  injected  at  25  ®C 
at  a  flow  rate  of  8  pl/min  onto  the  sensor  chip  surface  on  which  the  oligo 
has  been  immobilized  or  onto  a  control  surface  on  which  SA  had  been 
blocked  with  biotin,  using  HBS-EP  as  the  running  buffer.  Between 
samples,  the  binding  surfaces  were  regenerated  by  a  3-min  injection  of 
2  M  NaCl  at  a  flow  rate  of  10  pJ/min.  Due  to  the  large  number  of 
samples,  the  experiment  was  carried  out  twice  on  the  same  chip,  and 
samples  were  injected  in  random  order.  To  prepare  the  data  for  analy¬ 
sis,  base  lines  were  adjusted  to  zero  for  all  curves,  and  injection  start 
times  were  aligned.  Background  sensorgrams  were  then  subtracted 
from  the  experimental  sensorgrams  to  yield  curves  representing  spe¬ 
cific  binding.  The  association  and  dissociation  phases  of  the  sensor¬ 
grams  were  fit  simultaneously,  assuming  a  simple  bimolecular  reaction 
model  for  interaction  between  soluble  analyte  and  immobilized  ligand, 
equivalent  to  the  Langmuir  isotherm  for  adsorption  to  a  surface.  The 
goodness  of  fit  was  assessed  by  inspecting  the  statistical  value  and 
the  residuals  (observed  -  calculated).  The  values  were  low  (<2),  and 
the  residuals  were  randomly  distributed  about  zero.  The  association 
and  dissociation  rate  constants  were  calculated  by  nonlinear  fitting  of 
the  primary  sensorgram  data  using  the  BIAevaluation  software  (ver¬ 
sion  3.0),  supplied  with  the  instrument  (BlAcore  Inc.).  Affinities  were 
calculated  from  rate  constants  and  from  analysis  of  equilibrium 
binding. 

RESULTS  AND  DISCUSSION 

Molecular  Model  of  PAP -Ribosome  (Large  Subunit)  Complex 
and  Structure-based  Design  of  Recombinant  PAP  Proteins  with 
Altered  rRNA  Binding  Affinity — Our  previous  modeling  studies 
(16)  indicated  that  the  active  center  cleft  residues  Asn®^,  Asn'^^, 
and  Asp^^  as  well  as  the  active  site  residue  Arg^^^,  which  are 


not  directly  involved  in  the  catalytic  depurination  of  rRNA, 
promote  specific  interactions  with  the  phosphate  backbone  of 
the  target  a-sarcin/ricin  stem  loop  of  rRNA.  Therefore,  muta¬ 
tions  of  these  residues  were  predicted  to  result  in  destabiliza¬ 
tion  of  interactions  with  rRNA.  Our  refined  molecular  model  of 
the  PAP-RNA  stem  loop  complex  is  depicted  in  Fig.  1.  Accord¬ 
ing  to  this  model,  PAP  residues  43,  67  (paired  with  97),  69-70, 
92,  206-210,  212-213,  217,  224-225,  and  253-255  participate 
in  its  interaction  with  rRNA  The  mutant  PAP  protein  FLP-4 
(®^AA^®)  has  been  engineered  by  alanine  substitution  of  the 
active  center  cleft  residues  Asn®^  and  Asn*^®,  which  are  located 
on  an  antiparallel  0  turn  and  interact  via  hydrogen  bonds  with 
the  backbone  of  rRNA  from  the  A"^^  position  to  the  A"^^  posi¬ 
tion.  FLP-7  (^AAA®^)  has  been  engineered  by  alanine  substi¬ 
tution  of  the  active  center  cleft  residues  90-92  (®®FND®^), 
which  are  positioned  on  the  C-terminal  of  the  prj  strand  and  are 
predicted  to  contribute  to  the  binding  of  PAP  to  the  tetraloop 
structure  of  RNA.  Asp®^  interacts  with  the  base  of  Phe®° 
has  van  der  Waals  interactions  with  four  nearby  hydrophobic 
residues.  Thus,  mutation  of  Phe®°  is  anticipated  to  affect  the 
local  conformation  of  the  pQ  strand  and  the  following  loop 
region,  which  consists  of  residues  121-123  (^^^SRY^^^).  The 
121-123  loop  interacts  with  the  sugar,  base,  and  phosphate 
groups  of  the  targeted  adenosine.  Therefore,  both  FLP-4  and 
FLP-7  were  predicted  to  have  impaired  binding  to  rRNA.  The 
catalytic  site  mutant  FLP-9  (^^^AA^^^)  has  alanine  substitu¬ 
tions  of  Arg^^^  and  Tyr^^^.  Arg^^^  interacts  with  the  phosphate 
of  the  targeted  adenosine,  and  the  base  ring  of  Tyr^^^  stacks 
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Table  I 


Sequence  identity,  adenine  release,  and  substrate  binding  of  recombinant  wild-type  and  mutant  PAP  proteins 

Mutant 

Original  residues 

Substituted 

residues 

Adenine  released" 

Maximum  bound* 

rRNA 

Oligo 

pmoU  \ig  RNA 

pmol 

Wild  type 

396  ±  15 

0.79  0.03 

1.2  0  2 

FLP-1 

28KD29 

28AA29 

319  ±  14 

0.81  ±  0.03 

1.3  0  2 

FLP-4 

69^^70 

69AA70 

132  ±  12 

0.27  ±  0.02 

0.53  ‘+'0  1 

FLP-7 

90aaa®2 

19  ±  5 

0.29  ^  0.02 

0.38  -+“0  1 

FLP-8 

11151^112 

111AA112 

376  ±  11 

0.75  ±  0.03 

1.2  ±  0.1 

FLP-9 

122RY123 

122^123 

12  ±  3 

0.29  ±  0.02 

0.47  ±  0.1 

FLP-12 

Arg*’" 

14  ±  7 

0.28  ±  0.02 

0.42  ±  0.1 

FLP-13 

Trp208 

Ala^®« 

4  ±  2 

0.27  ±  0.02 

0.48  ±  0.1 

®  The  adenine  released  values  were  adopted  from  Rajamohan  et  al.  (16)  for  comparison. 

^  The  maximum  level  of  binding  of  ^^P-labeled  23  S/16  S  rRNA  and  ^^P-labeled  SR  loop  oligo  (pmol/pmol  of  protein)  were  derived  from 

fitting  the  data  of  Fig.  4,  A  and  C,  to  a  hyperbolic  binding  function  (Graphpad  Prism  2).  Each  value  is  the  mean  and  S.D.  of  three  experiments 


Fig.  2.  Coomassie  Blue-stained 
SDS-12%  polyacrylamide  gel  electro¬ 
phoresis  (A)  and  Western  blot  analy¬ 
sis  (B)  of  wild-type  and  mutant  re¬ 
combinant  PAP  proteins.  Masses  of 
the  proteins  (in  kDa)  are  shown  on  the 
right.  Each  lane  contained  5  /xg  of  recom¬ 
binant  PAP  protein.  WTy  wild  type. 
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Fig.  3.  Substrate  RNA  targets.  A,  23  S/16  S  naked  rRNA  from  E.  coli  was  S'-end-labeled  with  and  5  >1.1  of  the  sample  was  separated  by 
7%  polyacrylamide/urea  gel,  dried,  and  autoradiographed.  The  arrow  indicates  the  position  of  23  S  and  16  S  rRNA.  B,  sequence  and  putative 
secondary  structure  of  the  synthetic  oligoribonucleotide  (27-mer)  used  in  this  study  that  mimics  the  a-sardn/ridn  loop  in  the  28  S  rRNA.  C,  5  ul 
of  the  5'-end-radiolabcled  (^’“P-labeled)  oligo  was  separated  by  a  16%  polyacrylamide/urea  gel,  dried,  and  autoradiographed.  The  arrow  shows  the 
position  of  the  27-mer. 


with  the  targeted  adenine  base.  Therefore,  FLP-9  was  pre¬ 
dicted  to  have  a  poor  binding  affinity  to  rRNA  and  poor  enzy¬ 
matic  activity.  By  contrast,  the  control  PAP  mutants  FLP-1 
(28aa29)  and  FLP-8  (^^^AA^^^)  with  mutations  of  residues 
and  that  are  distant  from  the  rRNA  binding 

site  were  predicted  to  have  a  normal  rRNA  binding  comparable 
with  that  of  wild-type  PAP.  These  predictions  are  in  accord 
with  the  recently  reported  rRNA  depurinating  activities  of 
FLP-1,  FLP-4,  FLP-7,  FLP-8,  FLP-9,  FLP-12  (Ala"'"^),  and 
FLP-13  (Ala^®®)  (16).  The  rRNA  depurinating  activities  of  the 
active  center  cleft  mutants  FLP-4  and  FLP-7  as  well  as  the 
catalytic  site  mutants,  FLP-9,  FLP-12,  and  FLP-13,  were  sig¬ 
nificantly  lower  than  the  activity  of  wild-type  PAP.  By  compar¬ 


ison,  the  depurinating  activities  of  FLP-1  and  FLP-8  were 
comparable  with  that  of  wild-type  PAP  (Table  I). 

Impaired  Binding  Interactions  of  Recombinant  PAP  Active 
Center  Cleft  Mutants  FLP‘4  and  FLP-7  P^AAA^^)  with 

E.  coli  23  S/16  S  rRNA — We  next  sought  to  more  directly 
evaluate  the  predictions  of  our  modeling  studies  regarding  the 
role  of  the  PAP  active  center  cleft  in  rRNA  binding  by  studying 
the  binding  interactions  of  recombinant  PAP  proteins  with 
target  RNAs  (23  S  rRNA  and  SR  loop  oligoribonucleotide).  The 
recombinant  PAP  mutants  with  alanine  substitutions  were 
constructed  using  site-directed  mutagenesis,  as  previously  de¬ 
scribed  (16).  These  mutant  proteins  were  expressed  in  the  E. 
coli  strain,  MV1190,  as  inclusion  bodies,  purified,  solubilized, 


Binding  of  PAP  to  rRNA 


24079 


refolded,  and  analyzed  by  SDS-polyacrylamide  gel  electro¬ 
phoresis  (Fig,  2A).  Each  of  the  mutant  PAP  proteins  had  an 
apparent  molecular  mass  of  33  kDa,  similar  to  that  of  the 
recombinant  wild-type  PAP  (Fig.  2A).  The  refolded  recombi¬ 
nant  wild-type  and  mutant  proteins  were  highly  immunoreac- 
tive  with  the  anti-PAP  serum  (Fig.  2B). 

We  first  evaluated  the  saturation  binding  of  radiolabeled  23 
S/16  S  rRNA  (Fig.  3A)  with  increasing  concentrations  of  recom¬ 
binant  wild-t5rpe  or  mutant  PAP  proteins  with  alanine  substi¬ 
tutions  in  three  independent  experiments  using  standard  filter 
binding  assays.  When  increasing  amounts  of  PAP  proteins 
were  reacted  with  3.5  pmol  of  ^^P-labeled  23  S/16  S  rRNA 
(specific  activity  460  cpm/pmol),  wild-type  PAP  showed  concen¬ 
tration-dependent  and  saturable  binding  to  the  substrate  RNA 
(23  S/16  S  rRNA).  As  evidenced  in  Fig.  4A  and  Table  I,  the 
catalytic  site  mutants  FLP-9(^^^AA^^^),  FLP-12(A^’^^),  and 
FLP-13(A^°®)  as  well  as  the  active  center  cleft  mutants  FLP-4 
(®®AA^®)  and  FLP-7  (®®AAA^)  exhibited  significantly  impaired 
RNA  binding  ability  when  compared  with  wild-type  PAP.  By 
comparison,  recombinant  PAP  mutants  with  alanine  substitu¬ 
tions  of  residues  (FLP-l)  and  ^^^SR^^^  (FLP-8)  that  are 

distant  from  the  catalytic  site  and  active  center  cleft  were  able 
to  bind  23  S/16  S  rRNA  in  amotmts  comparable  with  that  of  the 
wild-type  PAP  (Fig.  4A,  Table  I).  Control  protein  BSA  did  not 
bind  to  ^^P-labeled  23  S/16  S  rRNA  even  at  the  highest 
concentration. 

Interaction  of  Recombinant  PAP  Mutants  with  a-Sarcin/ 
Ricin  Stem  Loop  of  Eukaryotic  28  S  rRNA — It  is  known  that 
PAP  catalytically  removes  a  specific  adenine  from  the  highly 
conserved,  surface-exposed,  a-sarcin/ricin  loop  in  the  large 
rRNA  of  prokaryotic  and  eukaryotic  ribosomes  (3—6).  There¬ 
fore,  in  our  present  study  of  RNA-PAP  interactions,  we  used  a 
27-mer  model  RNA  fragment  corresponding  to  the  conserved 
target  a-sarcin/ricin  stem  loop  (SR  loop)  of  eukaryotic  28  S 
rRNA  (Fig.  3B).  S3mthetic  RNA  fragments  that  mimic  the  local 
structures  of  rRNA  have  widely  been  employed  to  investigate 
RNA-protein  interactions  (24-26).  The  5'-end  of  this  oligoribo- 
nucleotide  (Fig.  3C)  was  radiolabeled  with  ^^P  (specific  activity 
140  cpm/pmol),  and  its  interaction  with  increasing  amounts  of 
wild-type  or  mutant  recombinant  PAP  proteins  was  investi¬ 
gated  using  filter  binding  assays.  We  first  examined  the  bind¬ 
ing  of  PAP  (33  pmol)  to  ®^P-labeled  SR  loop  oligo  (50  pmol)  in 
the  absence  as  well  as  presence  of  increasing  concentrations  of 
unlabeled  oligo.  PAP  exhibited  significant  binding  to  the  oligo, 
and  this  binding  was  competitively  blocked  by  the  cold  oligo  in 
a  concentration-dependent  fashion,  confirming  the  specificity 
of  the  binding  interaction  (Fig.  4S).  Control  protein  BSA,  how¬ 
ever,  exhibited  very  little  binding,  and  its  binding  was  not 
competitively  blocked  by  the  unlabeled  oligo  (Fig.  4B). 

We  next  compared  the  binding  of  wild-type  and  mutant  PAP 
proteins  to  the  SR  loop  oligo.  In  accordance  with  the  binding 
results  obtained  using  naked  23  S/16  S  rRNA,  the  active  center 
cleft  mutants,  FLP-4  and  FLP-7  as  well  as 

the  catal3ddc  site  mutants  FLP-9  (^^^AA^^^),  FLP-l 2  (Ala^^®), 
and  FLP-13  (Ala^^®),  exhibited  significantly  reduced  binding  to 
the  stem  loop  RNA  fragment  (Table  I,  Fig.  40).  By  comparison, 
the  binding  of  recombinant  PAP  mutants  FLP-1(^®AA^®)  and 
FLP-8  (^^^AA^^^)  to  the  SR  loop  RNA  fragment  is  comparable 
with  that  of  the  wild-type  PAP  (Fig.  4C,  Table  I).  BSA,  which 
was  included  as  a  non-RNA-binding  control  protein,  showed  no 
binding  to  the  SR  loop  oligo. 

We  next  performed  equilibrium  binding  studies  to  determine 
the  maximum  specific  substrate  (SR  loop  oligo)  binding  capac¬ 
ity  (B^g^j^)  and  apparent  association  constant  {K^)  of  the  equi¬ 
librium  binding  to  the  stem  loop  RNA  fragment  for  wild-type 
and  the  mutant  recombinant  PAP  proteins.  Recombinant  PAP 
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Fig.  4.  RNA  binding  of  wild-type  and  mutant  recombinant 
PAP  proteins.  A,  increasing  concentrations  of  wild-type  or  mutant 
PAP  proteins  were  incubated  with  ^^P-labeled  23  S/16  S  rRNA  from  E. 
coli  for  30  min  at  room  temperature  in  a  final  volume  of  150  fjl.  Each 
reaction  mixture  was  applied  to  a  nitrocellulose  filter.  Each  value  is  the 
mean  of  at  least  three  experiments.  A  background  (50-70  cpm)  deter¬ 
mined  by  filtration  of  samples  containing  all  the  reagents  except  PAP  was 
subtracted  from  each  assay.  S,  33  pmol  of  wild-type  recombinant  PAP 
protein  or  BSA,  control  protein,  were  incubated  with  50  pmol  of  ^^P- 
labeled  SR  loop  oligo  (specific  activity  140  cpm/pmol)  and  increasing 
concentrations  (0-1500  pmol)  of  nonlabeled  SR  loop  oligo  as  a  competitor 
in  150  pi  of  binding  buffer.  Binding  is  expressed  as  the  percentage  of  the 
amount  bound  upon  incubation  with  the  labeled  SR  loop  oligo  aOone.  The 
specific  binding  was  40  pmol  for  wild-type  PAP  and  0.2  pmol  for  BSA  C, 
increasing  concentrations  of  wild-type  or  mutant  PAP  proteins  were  in¬ 
cubated  with  ^^P-labeled  SR  loop  oligo  for  30  min  at  room  temperature  in 
a  final  volume  of  150  pi.  Each  reaction  mixture  was  applied  to  a  nitrocel¬ 
lulose  filter.  Each  value  is  the  mean  of  at  least  three  experiments.  A 
background  (50-70  cpm)  determined  by  filtration  of  samples  containing 
all  of  the  reagents  except  PAP  was  subtracted  from  each  assay. 


proteins  (25  pmol)  were  incubated  with  increasing  concentra¬ 
tions  of  the  ^^P-labeled  SR  stem  loop  RNA  fragment  for  30  min 
at  room  temperature.  All  PAP  proteins  exhibited  saturable 
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Fig.  5.  Binding  of  recombinant  PAP 
proteins  to  radiolabeled  oligoribo- 
nucleotide  as  a  function  of  free  li¬ 
gand  concentration.  Panel  A,  binding 
of  PAP  mutant  proteins  (25  pmol)  with 
increasing  concentrations  of  ^^P-Iabeled 
a-sarcin/ricin  loop  oligo.  Panel  B,  equilib¬ 
rium  binding  data  from  A  was  trans¬ 
formed  and  replotted  in  the  Scatchard 
plot.  Results  are  shown  as  number  of  oli¬ 
gonucleotide  specifically  bound  to  1.0  /xg 
of  protein  {B)  and  concentration  (nM)  of 
free  radiolabeled  oligonucleotide  (F). 
Panel  C,  Scatchard  data.  Panel  D,  binding 
of  recombinant  PAP  proteins  (25  pmol)  to 
^^P-labeled  control  oligo.  Data  points  rep¬ 
resent  mean  values  obtained  from  two  in¬ 
dependent  experiments. 


C.  Scatchard  Data 

m  ap-4  FLP-7  ap-9  flp-i2  ap-13 

Brna*  (pcnol/pg)  21±4  13±2  13±2  14±2  14±3  12±2 

Ka(pM)  61±12  158±11  148±14  13ft±10  142±15  132±9 


binding  at  increasing  substrate  oligoribonucleotide  concentra¬ 
tions  (Fig.  5A).  For  each  recombinant  PAP  protein,  the  display 
of  the  equilibrium  binding  data  in  a  Scatchard  coordinate  sys¬ 
tem  5delded  a  straight  line  (r  =  -0.99)  for  binding  measured 
over  a  concentration  range  of  0—22.5  pmol,  supporting  the 
notion  that  a  single  class  of  rRNA  binding  sites  exists  for  PAP 
(Fig.  5B).  The  intercepts  on  the  x  axis  (R^ax)  correspond  to 
the  maximum  loop  RNA  fragment  binding  capacity  of  the  PAP 
proteins  were  21  ±  4  pmol//xg  for  recombinant  wild- type  PAP, 
13  ±  2  pmol//j.g  for  FLP-4  (®®AA’^°),  13  ±  2  pmol/p.g  for  FLP-7 
(®°AAA^^),  14  ±  2  pmol//i.g  for  FLP-9  (^^^AA^^^),  14  ±  3  pmol/p,g 
for  FLP-12  (Ala^*"®),  and  12  ±  2  pmol/)u.g  for  FLP-13  (Ala^^®) 
(Fig.  5,  B  and  C).  These  findings  demonstrate  that  RNA  bind¬ 
ing  capacity  of  PAP  is  markedly  reduced  by  mutations  involv¬ 
ing  its  catalytic  site  or  active  center  cleft.  The  estimated  values 
of  the  apparent  as  determined  from  the  negative  slope  of  the 

linear  Scatchard  plots  were  61  ±  12  pM  for  the  wild-type  pro¬ 
tein,  158  ±  11  pM  for  FLP-4,  148  ±  14  pM  for  FLP-7,  138  ±  10 
pM  for  FLP-9,  142  ±  15  pM  for  FLP-12,  and  132  ±  9  pM  for 
FLP-13  (Fig.  5C).  Thus,  the  values  of  the  mutant  PAP 
proteins  were  higher  than  the  of  the  wild-type  protein. 
Therefore,  the  reduced  binding  capacity  of  the  mutant  PAP 
proteins  to  the  stem  loop  RNA  fragment  appears  to  be  caused 
at  least  in  part  by  an  impairment  in  the  association  phase  of 
the  rRNA  binding  to  the  mutated  binding  region. 

In  order  to  further  assess  the  binding  specificity,  we  also 
used  a  ^^P-labeled  control  oligo  (5'-CGCGCUUUUGCGCG-30 
that  does  not  contain  the  required  substrate  tetraloop  motif, 
GAGA,  for  PAP  binding.  Filter  binding  assays  with  this  control 
oligo  did  not  exhibit  significant  binding  to  either  the  wild-type 
or  mutant  PAP  proteins  (Fig.  5D).  These  experiments  further 
confirm  that  PAP  proteins  specifically  bind  to  their  RNA  sub¬ 
strates  via  the  target  tetraloop.  Taken  together,  the  presented 
results  of  the  saturation  and  competition  binding  assays  con¬ 
firmed  the  predictions  of  our  modeling  studies  (16)  and  pro¬ 
vided  the  first  direct  biochemical  evidence  that,  besides  the 
catalytic  site  residues  of  PAP,  the  residues  of  the  active  center 
cleft  located  between  the  central  and  C-terminal  domains  of 
PAP  also  contribute  to  its  binding  to  the  target  a-sarcin/ricin 
stem  loop  of  eukaryotic  28  S  rRNA. 

Because  of  the  inherent  uncertainties  associated  with  using 
radiolabeled  substrates  in  binding  assays,  we  next  sought  to 
compare  the  affinity  of  recombinant  PAP  proteins  for  the  non- 
radiolabeled  stem  loop  RNA  fragment  by  surface  plasmon  res¬ 
onance.  The  active  center  cleft  mutants  FLP-4  and  FLP-7  as 
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Fig.  6.  Binding  of  wild-type  and  mutant  PAP  proteins  to  a 
synthetic  oligoHbonucleotide  (27-mer)  that  mimics  the  a-sarcin/ 
ricin  domain  in  28  S  rRNA.  A,  a  representative  sensorgram  showing 
the  binding  of  wild-type  (WT)  and  mutant  PAP  proteins  to  the  5'-biotin- 
labeled  oligoribonucleotide  immobilized,  70-100  response  units  {RU), 
on  a  SA  sensor  chip.  30  /a1  of  each  protein  (150  niw)  was  injected  at  a  flow 
rate  of  8  Ml^min.  B,  kinetic  rates  and  dissociation  constants  of  the 
binding  interactions  between  recombinant  PAP  proteins  and  the  27- 
mer  oligoribonucleotide. 

well  as  the  catalytic  site  mutant  FLP-9  had  much  slower  on- 
rates  than  the  wild-type  recombinant  PAP  protein  (Fig.  6,  A 
and  B).  All  three  mutant  proteins  also  had  faster  off-rates, 
consistent  with  instability  of  their  RNA  binding  (Fig.  6B).  The 
affinities  of  FLP-4  (/fo  =  1.0  nM),  FLP-7  (K^  =  1.4  nM),  and 
FLP‘9  iRp  —  3-3  nM)  were  5-,  7-,  and  16-fold  lower,  respectively, 
than  the  affinity  of  the  wild-type  PAP  (ff^  =  0.2  nM)  protein 
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Pokeweed  antiviral  protein  (PAP)  is  a  ribosome-inac¬ 
tivating  protein  that  catalytically  cleaves  a  specific  ad¬ 
enine  base  from  the  highly  conserved  a-sarcin/ricin  loop 
of  the  large  ribosomal  RNA,  thereby  inhibiting  protein 
synthesis  at  the  elongation  step.  Recently,  we  discov¬ 
ered  that  alanine  substitutions  of  the  active  center  cleft 
residues  significantly  impair  the  depurinating  and  ribo¬ 
some  inhibitory  activity  of  PAP.  Here  we  employed  site- 
directed  mutagenesis  combined  with  standard  filter 
binding  assays,  equilibrium  binding  assays  with  Scat- 
chard  analyses,  and  surface  plasmon  resonance  technol¬ 
ogy  to  elucidate  the  putative  role  of  the  PAP  active 
center  cleft  in  the  binding  of  PAP  to  the  a-sarcin/ricin 
stem  loop  of  rRNA.  Our  findings  presented  herein  pro¬ 
vide  experimental  evidence  that  besides  the  catalytic 
site,  the  active  center  cleft  also  participates  in  the  bind¬ 
ing  of  PAP  to  the  target  tetraloop  structure  of  rRNA. 
These  results  extend  our  recent  modeling  studies,  which 
predicted  that  the  residues  of  the  active  center  cleft 
could,  via  electrostatic  interactions,  contribute  to  both 
the  correct  orientation  and  stable  binding  of  the  sub¬ 
strate  RNA  molecules  in  PAP  active  site  pocket.  The 
insights  gained  from  this  study  also  explain  why  and 
how  the  conserved  charged  and  polar  side  chains  lo¬ 
cated  at  the  active  center  cleft  of  PAP  and  certain  cata¬ 
lytic  site  residues,  that  do  not  directly  participate  in  the 
catalytic  deadenylation  of  ribosomal  RNA,  play  a  criti¬ 
cal  role  in  the  catalytic  removal  of  the  adenine  base  from 
target  rRNA  substrates  by  affecting  the  binding  interac¬ 
tions  between  PAP  and  rRNA. 


Pokeweed  antiviral  protein  (PAP)^  is  a  30-kDa  ribosome¬ 
inactivating  protein  (RIP)  isolated  from  the  leaves  of  Phyto¬ 
lacca  americana  (pokeweed  plant)  (1,  2).  PAP  catalytically  re¬ 
moves  an  adenine  from  the  highly  conserved,  surface-exposed, 
a-sarcin/ricin  loop  in  the  large  rRNA  of  prokaryotic  and  eu¬ 
karyotic  ribosomes  (3—6).  PAP-depurinated  ribosomes  cannot 
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interact  with  elongation  factors  1  and  2,  leading  to  an  irrevers¬ 
ible  inhibition  of  protein  synthesis  at  the  translocation  step  (5, 
7-9).  The  therapeutic  potential  of  PAP  as  a  ribosome  inhibitory 
anticancer  agent  has  gained  considerable  interest  in  recent 
years  due  to  the  clinical  use  of  native  PAP  as  the  active  moiety 
of  immunoconjugates  against  cancer  (4). 

The  resolved  three-dimensional  x-ray  structure  of  PAP  re¬ 
vealed  that  the  protein  could  be  divided  into  three  distinct 
domains:  the  N-terminal  domain  (residues  1-69,  PAP  number¬ 
ing),  the  central  domain  (residues  70—179),  and  the  C-terminal 
domain  (residues  180—262)  (10—13).  The  central  domain  ac¬ 
commodates  all  of  the  enzyme-active  (catalytic)  residues,  Tyr'^^, 
Tyr^^^,  Glu^*^®,  and  that  are  highly  conserved  among 

the  RIPs.  Based  on  structural  and  biochemical  evaluation  of 
several  RIPs,  it  has  been  proposed  that  the  amino  acids  Tyr’^^ 
and  Tyr^^^  (PAP  numbering)  have  the  role  of  “sandwiching”  the 
substrate  adenine  ring  of  rRNA  in  an  energetically  favorable 
stacking  conformation,  while  Arg^^^  and  Glu^^®  are  directly 
engaged  in  the  catalytic  deadenylation  of  the  a-sarcin/ricin  loop 
(10,  14,  15).  Alanine  substitution  by  site-directed  mutagenesis 
of  the  PAP  active  side  residues  Tyr'^^,  Tyr^^^,  Glu^^®,  and 
Arg^^^  that  directly  participate  in  the  catalytic  deadenylation 
of  ribosomal  RNA  resulted  in  greater  than  3  logs  of  loss  in 
depurinating  and  ribosome  inhibitory  activity  (16).  Structural 
studies  of  PAP  have  also  revealed  a  prominent  cleft  at  the 
interface  between  the  central  and  C-terminal  domain  that 
could  accommodate  substrate  rRNA  molecules  (16).  Our  recent 
studies  provided  unprecedented  and  direct  biochemical  evi¬ 
dence  that,  besides  the  catalytic  residues  of  PAP,  the  highly 
conserved,  charged,  and  polar  residues  of  the  active  center  cleft 
of  PAP  are  also  critical  for  PAP-mediated  depurination  of  rRNA 
(16).  Alanine  substitutions  of  these  residues,  especially  ®^NN^® 
(191-fold  loss  of  activity)  and  ^^ND^^  (352-fold  loss  of  activity), 
substantially  impaired  the  catalytic  removal  of  the  adenine 
base  from  target  rRNA  substrates  (16). 

Our  modeling  studies  aimed  at  understanding  the  molecular 
basis  for  the  contribution  of  the  active  center  cleft  residues  of 
PAP-mediated  depurination  of  rRNA  prompted  the  hypothesis 
that  the  residues  of  the  active  center  cleft  could,  via  electro¬ 
static  interactions,  contribute  to  both  the  correct  orientation 
and  stable  binding  of  the  substrate  RNA  molecule  in  the  active 
site  pocket  (16).  The  purpose  of  the  present  structure-function 
relationship  study  was  to  test  this  hypothesis  by  evaluating  the 
ability  of  recombinant  PAP  molecules  FLP-4  and 

FLP-7  (^®AAA®^)  with  mutated  active  center  cleft  residues  to 
bind  23  S/16  S  rRNA  from  Escherichia  coli  as  well  as  a  S3m- 
thetic  model  oligoribonucleotide  corresponding  to  the  a-sarcin/ 
ricin  stem  loop  of  28  S  rRNA  from  eukaryotic  ribosomes.  The 
binding  affinities  of  the  mutant  PAP  proteins  for  the  synthetic 
oligoribonucleotide  were  calculated  from  rate  constants  and 
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analysis  of  binding  using  surface  plasmon  resonance  (SPR) 
biosensor  technology.  Here,  we  present  direct  evidence  that, 
compared  with  wild-type  PAP,  both  FLP-4  and  FLP-7  exhibit 
significantly  impaired  affinity  for  RNA  substrates,  providing  a 
cogent  explanation  for  their  reduced  depurinating  activity. 
Similarly,  FLP-9  (^^^AA^^^)  with  alanine  substitutions  ex¬ 
pected  to  affect  the  orientation  of  the  substrate  adenine  in  the 
active  site  showed  markedly  reduced  affinity  for  RNA  targets. 
Catalytic  site  mutants  FLP-12  (Ala^'^®)  and  FLP-13  (Ala^^®), 
that  were  included  as  controls,  also  showed  markedly  reduced 
binding  affinity  for  RNA  substrates,  consistent  with  the  previ¬ 
ously  established  importance  of  Arg^'^®  and  Trp^^®  residues  in 
rRNA  binding  and  depurination  (10,  17,  18).  By  comparison, 
recombinant  PAP  mutants  with  alanine  substitutions  of  resi¬ 
dues  28KD29  (FLP-1)  and  (pLp.g)  that  are  distant 

from  the  active  site  and  active  center  cleft  showed  normal 
binding  affinity  to  RNA  substrates.  The  experimental  findings 
presented  herein  are  in  accordance  with  the  predictions  of  our 
recent  modeling  studies,  which  suggested  that  the  active  center 
cleft  of  PAP  is  important  for  binding  to  rRNA. 

MATERIALS  AND  METHODS 

Molecular  Modeling— molecular  model  of  the  PAP-ribosome 
(large  subunit)  complex  was  derived  from  the  2.4-A  crystal  structure  of 
the  large  ribosomal  subunit  from  Haloarcula  marismortui  (Protein 
Data  Bank  access  code  IFFK)  (19)  and  the  crystal  structure  of  PAP- 
nucleotide  complex  (access  code  Ipag).  This  model  represents  a  refine¬ 
ment  of  our  recently  published  model  of  the  PAP-rRNA  stem  loop 
complex  (16).  First,  we  sui>erimposed  the  H.  marismortui  subunit  ribo¬ 
some  structure  with  the  stem  loop  structure  in  our  previous  PAP-RNA 
complex  model.  The  conformation  of  rRNA  was  adjusted  around  the 
adenine  A^^®^  in  Escherichia  coli)  of  the  GAGA  tetraloop,  and  the 

rest  of  the  PAP  molecule  remains  unchanged.  The  adenosine  was  man¬ 
ually  adjusted  by  a  38**  degree  out-flipping  rotation  at  the  C5'-position 
and  a  5.4-A  translation  of  the  adenine  ring.  The  model  was  used  to 
perform  fixed  docking  using  the  Docking  module  in  Insightll  employing 
the  CVFF  (29).  The  parameters  used  in  this  docking  included  searching 
for  five  unique  structures:  1000  minimization  steps  for  each  structure, 
energy  range  of  10.0  kcal/mol,  maximum  translation  of  the  ligand  of  3.0 
A,  maximum  rotation  of  the  ligand  of  10°,  and  an  energy  tolerance  of 
1500  kcal/mol.  During  the  minimization  steps  of  the  docking  procedure, 
only  the  tetraloop  and  the  active  site  residue  of  PAP  were  allowed  to  be 
flexible,  whereas  the  rest  of  rRNA  and  PAP  remained  fixed.  The  refined 
structure  was  then  analyzed  in  CHAIN  (20). 

Construction  of  Mutants — Recombinant  wild-type  PAP  construct 
(pBS-PAP)  was  obtained  by  subcloning  the  PAP-I  gene  encoding  PAP 
amino  acids  22-313  at  the  BamUl  and  Hindlll  sites  of  the  E.  coli 
expression  vector,  pBluescript  SK”  (Stratagene,  La  Jolla,  CA).  PAP 
mutants  were  constructed  using  site-directed  mutagenesis  techniques 
as  described  previously  (16).  Unlike  native  PAP,  which  has  262  amino 
acids,  recombinant  PAP  proteins  have  292  amino  acids.  Therefore,  they 
are  larger  than  native  PAP  (33  versus  29  kDa)  (16). 

Expression  and  Purification  of  Mutants — Wild-type  and  mutant  re¬ 
combinant  PAP  proteins  were  expressed  in  E.  coli  MV1190  as  inclusion 
bodies,  isolated,  solubilized,  and  refolded,  as  described  previously  (21). 
The  refolded  proteins  were  analyzed  by  SDS-12%  polyacrylamide  gel 
electrophoresis.  Protein  concentrations  were  determined  from  the  gel 
using  bovine  serum  albumin  (BSA)  as  a  standard. 

Immunoblot  Analysis  of  PAP  Mutants — One  pg  of  the  protein  sam¬ 
ples  was  resolved  on  a  SDS-12%  polyacrylamide  gel  and  transferred 
onto  a  polyvinylidene  difluoride  membrane  (Roche  Molecular  Biochemi¬ 
cals)  using  the  Bio-Rad  transblot  apparatus,  as  described  previously 
(21),  The  membrane  was  immunoblotted  using  rabbit  anti-PAP  serum 
(1:2000  dilution)  and  horseradish  peroxidase-conjugated  goat  anti-rab¬ 
bit  IgG  (Sigma;  1:1000  dilution)  as  the  primary  and  secondary  antibod¬ 
ies,  respectively.  The  blot  was  developed  using  3,3'-diaminobenzidine 
(Sigma)  as  the  colorimetric  indicator  for  peroxidase  activity. 

Adenine  Release  Assays — The  release  of  adenine  from  E.  coli  23  S/16 
S  ribosomal  RNA  (Roche  Molecular  Biochemicals)  was  measured  using 
HPLC  (Hewlett  Packard,  Palo  Alto,  CA)  equipped  with  a  diode  array 
detector,  as  described  previously  (16). 

Preparation  of  Radiolabeled  RNA  Substrates — A  27-mer  oligoribo- 
nucleotide  (5'-CCUGCTCAGUACGAGAGGAACCGCAGG-3'),  which 
contains  the  required  substrate  tetraloop  motif,  GAGA  (a-sarcin/ricin 


loop),  was  synthesized  on  the  1-pmoI  scale  and  HPLC-purified  by  Cy- 
berSyn  (Lenni,  PA).  The  oligoribonucleotide  (oligo)  (5  p.g)  was  labeled  at 
the  5'-end  using  [y-^^PjATP  and  T4  polynucleotide  kinase  (Roche  Mo¬ 
lecular  Biochemicals),  and  the  unincorporated  label  was  removed  by 
Sephadex  G-25  quick  spin  oligo  columns  (Roche  Molecular  Biochemi¬ 
cals)  according  to  the  manufacturer’s  instructions.  As  a  control  we  used 
a  ^"P-labeled  oligo  (5'-CGCGCUUUUGCGCG-3')  that  does  not  contain 
the  substrate  tetraloop  motif  GAGA.  This  radiolabeled  control  oligo  was 
prepared  using  the  procedures  described  above  for  the  SR  loop  oligo. 

The  E.  coli  23  S/16  S  ribosomal  RNA  (50  pg)  was  alkali ne-hydrolyzed 
by  treating  with  500  /nl  (final  volume)  of  100  mM  NaHCOa,  pH  9.5,  and 
incubated  at  95  “C  for  15  min.  Following  incubation  on  ice  for  an 
additional  10  min,  the  reaction  was  terminated  by  adding  50  pA  of  7,5  M 
ammonium  acetate,  and  the  rRNA  was  recovered  by  extraction  with 
phenol/chloroform  (1:1)  and  precipitated  with  ethanol.  The  rRNA  pellet 
was  dissolved  in  the  labeling  reaction  mixture  containing  2.0  pA  (100 
mCi/ml)  of  [y-^^PJATP,  10  p\  of  lOx  polynucleotide  kinase  buffer  (0.1  m 
MgCIa,  50  mM  dithiothreitol,  50%  glycerol,  0.5  M  Tris,  pH  9.5),  5  units  of 
polynucleotide  kinase,  and  the  volume  was  adjusted  to  40  pA  with 
RNase-free  water.  After  30  min  of  incubation  at  37  °C,  the  unincorpo¬ 
rated  label  was  removed  by  Sephadex  G-50  quick  spin  RNA  columns 
(Roche  Molecular  Biochemicals)  per  the  supplier’s  instructions.  The 
specific  activities  of  the  labeled  oligoribonucleotide  and  rRNA  were  0  73 
and  0.9  pC\Jp,g,  respectively.  Typically,  45-55%  of  the  [y-^^PJATP  was 
incorporated  into  the  labeled  oligoribonucleotide. 

Filter  Binding  Assays— For  saturation  binding  assays,  radiolabeled 
23  S/16  S  rRNA  (3.5  pmol;  specific  activity  460  cpm/pmol),  radiolabeled 
RNA  SR  loop  oligo  (75  pmol;  specific  activity  140  cpm/pmol),  or  radio- 
labeled  control  oligo  (75  pmol;  specific  activity  172  cpm/pmol)  were 
preincubated  in  separate  tubes  at  65  °C  for  5  min  in  50  pA  of  350  mM 
KCl,  20  mM  M^lg,  30  mM  Tris-HCI,  pH  7.5.  Increasing  amounts  of 
recombinant  wild -type  or  mutant  PAP  proteins  were  mixed  with  the 
preincubated  radiolabeled  probes,  and  the  solution  was  adjusted  to  150 
p\  with  binding  buffer  (1  mM  EDTA,  5%  glycerol,  1  mM  dithiothreitol  3 
mM  MgCl^,  0.01%  BSA,  and  10  mM  HEPES,  pH  8.0).  The  mixture  wks 
incubated  for  another  15  min  at  30  °C  and  then  placed  on  ice  for  10  min. 
The  reaction  mixture  was  filtered  through  a  nitrocellulose  membrane 
(Milhpore  Corp.;  type  HA,  0.45-pM  pore  size,  25-mm  diameter),  and  the 
membrane  was  washed  three  times  with  1  ml  of  wash  buffer  (1  mM 
EDTA,  0.1%  Tween  20,  and  10  mM  HEPES,  pH  8.0)  each  time.  The 
membrane  was  dried  at  room  temperature  and  was  counted  for  ^^P 
using  a  Beckman  I^6000SC  counter.  The  background  binding  deter¬ 
mined  by  filtration  in  the  absence  of  protein  was  subtracted  from  each 
assay.  We  also  examined  the  nonspecific  binding  of  radiolabeled  23  S/16 
S  rRNA  and  radiolabeled  RNA  SR  loop  oligo  to  BSA,  which  was  in¬ 
cluded  as  a  control  protein. 

Substrate  specific  binding  of  wild-type  and  mutant  PAP  proteins  was 
determined  by  treating  25  pmol  of  protein  samples  with  increasing 
concentrations  of  ^^P-labeled  RNA  SR  loop  oligo  (specific  activity  140 
cpm/pmol)  for  30  min  at  room  temperature  in  a  final  volume  of  150  pi 
with  binding  buffer.  The  reaction  mixture  was  filtered  through  a  nitro¬ 
cellulose  membrane,  washed,  and  counted  as  described  above.  Scat- 
chard  plot  (22)  analysis  of  equilibrium  binding  data  was  performed  as 
described  previously  (23).  The  association  constant  was  calculated 
from  the  slope  of  the  line. 

Competition  binding  was  performed  by  incubating  33  pmol  of  wild- 
type  PAP  or  BSA  (control)  proteins  with  50  pmol  of  ^^P-labeled  SR  loop 
oligo  and  increasing  concentrations  (0-1500  pmol)  of  unlabeled  SR  loop 
oligo  as  competitor  in  150  p)  of  binding  buffer.  The  reaction  mixture  was 
incubated  at  room  temperature  for  1  h,  and  the  unbound  oligo  was 
separated  from  the  bound  oligo  by  filtration  and  washing  through  a 
nitrocellulose  membrane.  The  membrane  was  dried  at  room  tempera¬ 
ture,  and  the  radioactivity  in  the  membrane  was  measured  as  described 
before.  Each  experiment  was  repeated  at  least  two  times,  and  the 
average  values  were  plotted  using  the  CA-CRICKET  Graph  III  appli¬ 
cation  program. 

SPR  Analysis  A  BIAcore  2000  SPR-based  biosensor  system  (Amer- 
sham  Pharmacia  Biotech)  was  used  to  measure  the  kinetic  parameters 
of  the  interaction  between  soluble  mutant  PAP  proteins  (analytes)  and 
the  immobilized  RNA  oligo  (ligand).  The  oligo  (27-mer)  was  synthe¬ 
sized,  5 '-end-biotinylated,  and  HPLC-purified  by  CyberSyn  (Lennin, 

PA).  The  5'-end  biotinylated  oligo  (40  pg/ml)  was  immobilized  (strepta- 
vidin-biotin  coupling)  on  the  surface  of  the  strcptavidin  (SA)  sensor 
chips  by  injecting  30  pi  of  the  oligo  at  a  flow  rate  of  5  pl/min  in  HBS-EP 
buffer  (0.1  M  HEPES,  pH  7.4,  0.15  m  NaCl,  3  mM  EDTA,  and  0.005% 
polysorbate  20).  Typically,  the  resonance  unit  value  increase  following 
this  procedure  was  70-100.  The  unoccupied  SA  surface  was  blocked  by 
injecting  30  pi  of  25  pg/ml  biotin  in  HBS-EP  buffer  as  above.  All  of  the 
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(Fig.  &B).  By  comparison,  the  affinity  of  the  recombinant  PAP 
mutant  FLP-8  with  alanine  substitution  of  residues 
that  are  distant  from  the  catalytic  site  and  active  center  cleft 
for  the  stem  loop  RNA  fragment  was  identical  to  that  of  the 
wild-type  PAP  (Fig.  6B). 

In  summary,  we  employed  site-directed  mutagenesis  com- 
hmed  with  standard  filter  binding  assays,  equilibrium  binding 
assays  with  Scatchard  analyses,  and  surface  plasmon  reso¬ 
nance  technology  to  elucidate  the  putative  role  of  the  PAP 
active  center  cleft  in  the  binding  of  PAP  to  the  a-sarcin/ricin 
stem  loop  of  rRNA.  Our  findings  provide  experimental  evidence 
that  besides  the  catalytic  site  the  active  center  cleft  also  par¬ 
ticipates  in  the  binding  of  PAP  to  the  target  tetraloop  structure 
of  rRNA.  These  results  extend  our  recent  modeling  studies  (16), 
which  predicted  that  the  residues  of  the  active  center  cleft 
could,  via  electrostatic  interactions,  contribute  to  both  the  cor¬ 
rect  orientation  and  stable  binding  of  the  substrate  RNA  mol¬ 
ecules  in  the  PAP  active  site  pocket.  The  insights  gained  from 
this  study  also  explain  why  and  how  the  conserved  charged  and 
polar  side  chains  located  at  the  active  center  cleft  of  PAP  and 
certain  catalytic  site  residues  that  do  not  directly  participate  in 
the  catalytic  deadenylation  of  ribosomeil  RNA  play  a  critical 
role  in  the  catalytic  removal  of  the  adenine  base  from  target 
rRNA  substrates  by  affecting  the  binding  interactions  between 
PAP  and  rRNA. 

Control  mutant  proteins  FLP-1  and  FLP-8  exhibited  similar 
rRNA  binding  as  wild-type  PAP  protein.  Furthermore,  the 
expression,  solubility,  and  yield  of  refolded  wild-type  and  mu¬ 
tant  proteins  were  comparable  (see  Fig.  2).  Nevertheless,  the 
presented  findings  should  be  interpreted  with  due  caution  be¬ 
cause  of  the  inherent  shortcomings  of  the  mutagenesis  tech¬ 
niques,  which  may  yield  mutant  proteins  with  a  normative 
conformation,  especially  when  the  mutant  proteins  are  insolu- 
ble  and  need  to  be  renatured. 
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Pokeweed  antiviral  protein  (PAP) -I  from  the  spring 
leaves  of  Phytolacca  americana  is  a  naturally  occur¬ 
ring  RNA-depurinating  enzyme  with  broad-spectrum 
antiviral  activity.  Interest  in  PAP  is  growing  due  to  its 
use  as  a  potential  anti-HIV  agent.  However,  the  clini¬ 
cal  use  of  native  PAP  is  limited  due  to  inherent  diffi¬ 
culties  in  obtaining  sufficient  quantities  of  homoge¬ 
neously  pure  active  PAP  without  batch-to-batch 
variation  from  its  natural  resource.  Here,  we  report 
the  expression  of  mature  PAP  (residues  23  to  284)  with 
a  C-terminal  hexahistidine  tag  in  the  methylotrophic 
yeast  Pichia  pastoris,  as  a  secreted  soluble  protein. 
The  final  yield  of  the  secreted  PAP  is  greater  than  10 
mg/L  culture  in  shaker  flasks.  The  secreted  recombi¬ 
nant  protein  is  not  toxic  to  the  yeast  cells  and  has  an 
apparent  molecular  mass  of  33-kDa  on  SDS-PAGE 
gels.  The  in  vitro  enzymatic  activity  and  cellular  anti- 
HIV  activity  of  recombinant  PAP  were  of  the  same 
magnitude  as  those  of  the  native  PAP  purified  from  P. 
americana.  To  our  knowledge,  this  is  the  first  large- 
scale  expression  and  purification  of  soluble  and  bio¬ 
logically  active  recombinant  mature  PAP  from 

yeast.  O  2000  Academic  Press 

Key  Words:  pokeweed  antiviral  protein;  ribosome  de- 
pui-ination;  anti-HIV;  protein  synthesis  inhibition. 


Pokeweed  antiviral  protein  (PAP)-!^  is  a  29-kDa  nat¬ 
urally  occurring  RNA-depurinating  enzyme  isolated 
from  the  early  spring  leaves  of  the  pokeweed  plant, 
Phytolacca  americana  (1).  PAP  cleaves  the  N-glycosidic 
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bosomal  RNA:  rPAP.  recombinant  PAP;  HSA,  human  serum  albu¬ 
min:  P\T)F,  polyvinylidene  difiuoride;  PBMC,  peripheral  blood 
mononuclear  cells. 
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bond  of  a  single  adenine  base  from  a  highly  conserved 
stem-loop  (a-sarcin)  sequence  of  the  large  ribosomal 
RNA  (rRNA)  species  in  prokaryotic  (23S  rRNA)  and 
eukaryotic  (28S  rRNA)  ribosomes  (2,3).  This  catalytic 
depurination  impairs  the  interaction  of  ribosomes  with 
elongation  factor  2-GTP  complex,  resulting  in  irrevers¬ 
ible  inhibition  of  protein  synthesis  at  the  translocation 
step  (4-6).  Hudak  et  alAl)  have  shown  that  PAP  binds 
to  the  yeast  large  ribosomal  protein  L3,  suggesting 
that  this  ribosomal  protein  may  provide  a  receptor  site 
for  PAP  to  depurinate  the  target  adenine  in  its  rRNA 
substrate.  Recently,  PAP  has  been  shown  to  efficiently 
depurinate  adenine-containing  polynucleotides  (8), 
single-stranded  DNA  (9),  double-stranded  DNA  (10), 
and  viral  RNA  (11),  suggesting  that  the  depurinating 
activity  of  PAP  is  not  restricted  to  the  a-sarcin  loop  of 
rRNA. 

The  full-length  PAP  gene  codes  for  313  amino  acids 
(12).  However,  during  posttranslational  modification, 
22  amino  acids  (signal  peptide)  from  the  N-terminus 
and  29  amino  acids  from  the  C-terminus  are  cleaved 
leaving  a  mature  PAP  of  262  amino  acids  with  an 
apparent  molecular  mass  of  29  kDa  (13).  The  ability  of 
PAP  to  irreversibly  inhibit  protein  synthesis  has 
gained  considerable  interest  due  to  its  therapeutic  im¬ 
plications.  PAP  has  been  targeted  to  cancer  cells  using 
monoclonal  antibodies  (14,15).  PAP-containing  immu- 
noconjugates  against  CD7  and  CD19  surface  antigens 
on  leukemia  cells  have  shown  potent  and  selective 
antileukemic  activity  both  in  vitro  and  in  vivo  (15-17). 

PAP  has  also  been  shown  to  effectively  inhibit  the 
replication  of  several  plant  and  mammalian  viruses, 
including  cytomegalovirus  (18),  poliovirus  (19),  influ¬ 
enza  virus  (20),  herpes  simplex  virus  (21),  and  HIV 
(22).  The  molecular  mechanism  of  the  antiviral  activity 
of  PAP  is  under  active  investigation.  We  have  previ¬ 
ously  reported  that  PAP  inhibits  HIV-1  replication  in 
both  T-cells  and  macrophages  at  concentrations  that  do 
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not  inhibit  the  cellular  protein  synthesis  (22).  Notably, 
PAP  immunoconjugates  showed  marked  anti-HIV  ac¬ 
tivity  in  an  in  vivo  SCID  mouse  model  of  human  AIDS 
at  dose  levels  well  tolerated  by  cynomolgus  monkeys 
(23).  A  Phase  I  clinical  study  has  been  initiated  to 
evaluate  the  anti-HIV  efficacy  and  safety  of  our  anti- 
CD7-PAP  immunoconjugate  in  AIDS  patients  (24). 

The  therapeutic  application  of  PAP  both  as  an  anti¬ 
cancer  and  as  an  antiviral  agent  would  greatly  benefit 
from  a  large-scale  production  of  PAP  by  the  methods  of 
recombinant  DNA  technology.  Expression  of  recombi¬ 
nant  PAP  in  Escherichia  coli  (25)  as  well  as  Saccharo- 
myces  cerevisiae  (26)  resulted  in  low  yield  because  of  its 
toxicity  to  the  host  system.  We  therefore  explored  other 
expression  systems  for  generating  large  quantities  of 
PAP  without  killing  the  host  system. 

Several  eukar>^otic  proteins  with  clinical  and  thera¬ 
peutic  values,  such  as  angiostatin  (27),  endostatin  (28), 
insulin  (29),  growth  factors  (30),  single-chain  antibody 
fragments  (31,32),  and  human  serum  albumin  (33), 
have  been  expressed  in  the  methylotrophic  yeast 
Pichia  pastoris.  P.  pastoris  combines  the  general  fea¬ 
ture  of  eukaryotic  protein  expression  machinery  with 
fast  growth  (34)  and  the  requirement  for  inexpensive, 
noncomplex,  and  chemically  defined  growth  media  of 
bacteria.  P.  pastoris  has  been  shown  to  be  suitable  for 
high-level  expression  of  various  heterologous  proteins 
either  intracellulary  or  in  secreted  form.  Although  P. 
pastoris  secretes  very  low  levels  of  endogenous  pro¬ 
teins,  it  has  the  capacity  to  secrete  grams  per  liter  of 
foreign  proteins  (34).  In  addition,  protein  expression 
level  in  P,  pastoris  can  be  scaled  up  by  100-fold  when 
the  cells  are  grown  in  a  fermentor  (35,36).  Expression 
of  recombinant  proteins  in  P.  pastoris  is  based  on  the 
use  of  the  alcohol  oxidase  gene,  AOXl  (34,37). 

The  purpose  of  the  present  study  was  to  examine  the 
ability  of  P.  pastoris  as  an  alternative  expression  sys¬ 
tem  for  recombinant  PAP.  Here,  we  report  the  expres¬ 
sion  of  mature  PAP  (residues  23  to  284)  in  the  P. 
pastoris  expression  system.  The  recombinant  PAP 
(rPAP)  was  expressed  and  secreted  as  a  soluble  protein 
into  the  medium.  The  average  yield  of  the  secreted 
protein  in  the  culture  supernatant  was  10-12mg/L. 
The  P.  pas^oris-derived  recombinant  PAP  was  as  active 
as  native  PAP  isolated  from  the  leaves  of  the  pokeweed 
plant,  P.  americana,  in  protein  synthesis  inhibition 
assays  as  well  as  cellular  HIV-1  replication  inhibition 
assays, 

MATERIALS  AND  METHODS 

Yeast  and  Bacterial  Strains 

P.  pastoris  GS115  ihisA)  and  SMD1168H  ipepA) 
strains  were  used  for  yeast  expression  (Invitrogen,  San 
Diego,  CA).  The  bacterial  strains  used  for  DNA  manip¬ 
ulation  were  P.  coli  DH5q:F'  and  INV,,  F'(Invitrogen). 


Reagents 

Restriction  enzymes  were  purchased  from  New  En¬ 
gland  Biolabs,  Inc.  (Beverly,  MA).  Chemical  reagents 
and  goat  anti-rabbit  IgG  and  goat  anti-mouse  IgG 
(both  conjugated  to  horseradish  peroxidase)  antibodies 
were  obtained  from  Sigma  Chemical  Company  (St. 
Louis,  MO).  Anti-myc  antibody  was  obtained  from  In¬ 
vitrogen  and  Ni^^-NTA-AP  conjugates  were  obtained 
from  Qiagen  (Santa  Clarita,  CA).  The  cell-free  in  vitro 
translation  assay  kit  was  purchased  from  Promega 
Company  (Madison,  WI).  BCA  protein  assay  reagents 
were  from  Pierce  Inc,  (Rockford,  IL). 

Media  and  Growth  Conditions 

P.  pastoris  strains  were  cultured  on  YPD  complete 
medium  (2%  peptone,  1%  yeast  extract,  2%  glucose). 
The  His^,  Mut^^"  transformants  were  selected  in  min¬ 
imal  media  containing  1.34%  yeast  nitrogen  base  with 
ammonium,  0.04%  biotin,  and  either  2%  dextrose  (MD) 
or  0.5%  methanol  (MM)  as  the  carbon  source.  For  semi¬ 
solid  cultures,  15  g/L  agar  was  added  to  the  above 
media.  All  yeast  cultures  were  maintained  at  30®C.  For 
protein  production,  selected  (His*  Mut^)  transformed 
strains  were  cultured  to  an  ODr,oo  =  2-6  in  BMGY 
medium  (2%  peptone,  1%  yeast  extract,  0.04%  biotin, 
13.4%  yeast  nitrogen  base  with  ammonium  sulfate,  0.1 
M  potassium  phosphate,  pH  6.0,  and  1%  glycerol). 
Cells  were  then  collected  by  centrifugation  (10,000  rpm 
for  10  min)  and  resuspended  to  an  ODqoo  =  10-15  in 
BMMY  (2%  peptone,  1%  yeast  extract,  0.04%  biotin, 
13.4%  yeast  nitrogen  base  with  ammonium  sulfate,  0.1 
M  potassium  phosphate,  pH  6.0,  and  0.5%  methanol) 
medium.  All  bacterial  clones  were  grown  in  low-salt  LB 
medium  (10  g  tryptone,  5  g  sodium  chloride,  and  5  g 
yeast  extract/L). 

Construction  of  Mature  PAP  Expression  Vector 

The  mature  PAP  (residues  23  to  284)  was  amplified 
by  PCR  on  a  plasmid  DNA  template  containing  the 
complete  sequence  of  PAP  (PTF-200).  The  oligonucleo¬ 
tide  PAP-C1(5'-GATGCATCGATGGTGAATACAAT- 
CATCTAC-3')  was  designed  to  remove  the  signal  se¬ 
quence  as  well  as  to  generate  a  Clal  restriction  site.  A 
second  oligonucleotide,  PAP-Xl  (5'-CCCCTCTA- 
GAAGCAGTTGTCTGACAGCT-3'),  was  designed  to 
generate  a  Xbal  restriction  site  at  the  3'  end  of  the 
mature  PAP  (residue  284).  Both  oligonucleotides  were 
purchased  from  Biosynthesis  Inc.  (Lewisville,  TX)  and 
dissolved  in  nuclease-free  water.  The  PCR  reaction 
mixture  consisted  of  20  pmol  of  primers,  20  nmol  of 
dNTPs  (New  England  Biolabs).  2  ng  of  template  DNA 
(PTF-200),  PCR  buffer  (final  composition  is  10  mM 
Tris,  pH  8.3,  15  mM  KCl,  1.5  mM  MgCl^,  0.1%  Triton 
X-100),  0.5  U  of  AmpliTaq  (Perkin-Elmer),  and  dHaO 
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to  100  /J.L  PCR  amplification  was  carried  out  with  a 
thermocycler  (Ericomp  Inc.,  San  Diego,  CA)  using  the 
following  protocol:  hot  start  at  94°C  for  2  min;  30  cycles 
at  94°C  for  1  min,  55°C  for  1  min  30  sec,  72°C  for  2  min; 
final  extension  at  72°C  for  10  min;  and  ramping  down 
to  4°C.  The  expected  800-bp  PCR  product  was  subse¬ 
quently  cloned  into  a  pCR  2.1  vector  (Invitrogen)  and 
transformed  into  IN\^aF'  following  the  manufacturer's 
instructions  (Invitrogen).  Positive  clones  were  ana¬ 
lyzed  by  automated  DNA  sequencing  and  a  mutation- 
free  mature  PAP  gene  was  force-cloned  (C/al  and  Xbal 
sites)  in  frame  with  the  a-mating  factor  (Mfal)  secre¬ 
tion  sequence  of  the  yeast  shuttle  expression  vector, 
pPICZnC  (Invitrogen).  The  Mfal  secretion  signal  of  the 
vector  (pPICZaC)  comprises  89  amino  acids,  with  the 
Kex2  protease  signal  cleavage  occurring  between  the 
85th  and  86th  amino  acid  residues  and  the  STE13  (a 
dipeptidyl  aminopeptidase)  cleavage  occurring  be¬ 
tween  the  87th  and  88th  residues.  The  vector  pPICZaC 
also  encodes  the  Zeocin  (a  water  soluble  copper-che¬ 
lated  glycopeptide  isolated  from  Streptomyces  verticil- 
liis)  resistance  gene  Sh  ble  (from  Streptoalloteichus 
hindustanus  bleomycin)  for  antibiotic  selection.  The 
mature  PAP  was  inserted  in  frame  with  the  a-factor  at 
the  N-terminus  and  with  the  myr-epitope  and  the 
hexahistidine  (His^)  gene  at  the  C-terminus.  Ten  mi¬ 
crograms  of  the  pPICZaC-rPAP  construct  (PSF-262) 
was  linearized  by  digestion  with  the  restriction  enzyme 
Pmel,  which  cuts  once  in  the  5'AOAl  region  of  the 
plasmid,  and  then  purified. 


Transformation  of  PAP  into  P,  pastoris  Genome 

The  novel  yeast  P.  pastoris  strain  SMD1168H  (His"^) 
was  used  instead  of  its  parent  SMD  1168  (pep4  his4) 
for  expression,  since  endogenous  production  of  histi¬ 
dine  is  preferred  due  to  the  rapid  growth  and  high 
metabolic  rate  of  P.  pastoris.  ITie  yeast  cells  were 
transformed  by  electroporation  with  10  pg  of  linearized 
pPICZaC~rPAP  DNA,  on  a  Bio-Rad  gene-pulser  appa¬ 
ratus  (1.5  KV,  25  p.F,  200  D)  for  5  ms.  Transformants 
were  first  selected  by  plating  on  YPD  plates  containing 
100  /LLg/ml  of  Zeocin  and  then  screened  for  insertion  of 
the  construct  at  the  alcohol  oxidase  promoter  {AOXl) 
site  by  PCR  using  5'AOXl  and  3'AOXl  primers  (In¬ 
vitrogen).  For  phenotype  determination,  clones  were 
replica-plated  on  both  MD  and  MM  plates  using 
GS115/human  serum  albumin  (HSA)  as  a  Mut*  control 
and  GS115//3-galactosidase  as  a  Mut'  control.  Zeocin 
selection  was  used  during  the  expression  of  PAP  in 
yeast  cells  due  to  the  high  percentage  of  revertants 
with  the  histidine  selection.  The  morphology  of  the 
clones  on  the  plates  was  compared  to  that  of  the  posi¬ 
tive  control  (His'  Mut  /HSA)  and  the  negative  control 
(His*  Mut“).  One-hundred  percent  of  the  transfor¬ 
mants  tested  were  able  to  utilize  methanol  as  carbon 


sourc.  aUasiiMH  ph^'notype  as  expected. 

Q‘  nviitiro  PAP  constructs  were  linearized  within 
ftrrlAOXl  region  and  the  yeast  cells  (SMD  1168H) 
hav(‘  M  native'  A<  gen(‘,  the  generated  transformants 
were  able  to  elficiently  metabolize  methanol  and  grow 
at  the  rate  of  wild-type  cells. 


Expression  and  Purification  of  Mature  PAP 

Nino  PCK-positive  clones  (Mut  )  were  initially 
grown  in  10  ml  YPD  medium  at  30°C  in  a  shaking  (250 
rpm)  incubator  to  an  ODjioo  of  2-6.  Cells  were  then 
centrifuged,  resuspended  in  buffered-methanol  com¬ 
plex  medium  (BMMY)  to  an  ODfjoo  —  10—15,  and  con¬ 
tinuously  incubated  for  3  days.  In  this  expression  sys¬ 
tem,  methanol  induces  expression  of  the  tightly 
regulated  AOXl  gene  which  in  turn  drives  the  expres¬ 
sion  and  secretion  of  mature  PAP.  Aliquots  of  the  su¬ 
pernatant  (1  ml)  were  taken  daily  and  examined  by 
SDS-12%  PAGE  for  expression  of  rPAP.  The  yeast 
transformant  with  the  liighest  rPAP  expression  was 
selected  for  large-scaU‘  exi)ression.  For  large-scale  ex¬ 
pression,  the  clone  was  grown  in  1  L  of  YPD  medium  in 
baffle  flasks  to  an  01),,,..  -  2-6.  Subsequently  cells 
^gj'0  sGparated  by  centriiugation  and  resuspended  in 
buffered  methanol  induction  medium  to  an  ODeoo  = 
10-15  and  incubation  was  continued.  After  3  days,  the 
cells  were  harvested  by  centrifugation  (8000  rpm  for  10 
min). 

The  supernatant  was  concentrated  10-fold  using  an 
Amicon  stirred  cells  concentrator  and  a  10,000  NMWL 
ultrafiltration  membrane  at  4°C.  The  concentrated  cul¬ 
ture  medium  was  dialyzed  overnight  at  4°C  against  50 
mM  sodium  phosphate,  150  mM  NaCl,  pH  7.0,  using  a 
dialysis  membrane  with  a  molecular  weight  cutoff  of 
10,000.  The  sample  was  then  centrifuged  at  15,000 
rpm  for  15  min  to  sediment  any  particulate  matter  and 
filtered  through  a  0.2~pTn  filter  prior  to  purification. 
One  milliliter  of  the  filtered  sample  was  loaded  into  a 
HiTrap  (5  ml)  chelating  FPLC  column  (Pharmacia) 
that  had  been  charged  with  0.1  M  NiS04  and  washed 
with  buffer  A  (5  mM  sodium  phosphate,  50  mM  NaCl, 
pH  7.0,  5%  glycerol).  The  bound  rPAP  was  eluted  with 
buffer  B  (5  mM  sodium  phosphate,  50  mM  NaCl, 
pH7,0,  5%  glycerol,  and  250  mM  imidazole)  using  the 
following  gradient:  0-10  min,  100%  A;  and  10-25  min 
linearly  increased  to  100%  B  and  maintained  at  that 
level  for  5  min  at  a  flow  rate  of  1.5  ml/min.  The  peak 
fractions  containing  rPAP  were  pooled  and  dialyzed  to 
remove  the  imidazole,  as  described  above.  Purified 
rPAP  was  analyzed  by  SDS-12%  PAGE  and  assayed 
for  biological  activity.  The  total  protein  concentration 
was  measured  using  the  BCA  (Pierce)  method  and  BSA 
as  a  standard. 


FIG.  1.  Overview  of  the  pPICZaC-PAP  construction  lPSF-232)  and  integration  into  Pichia  genome.  Expression  is  driven  by  the  AOXl 
promoter  induced  by  methanol.  The  Mfal  directs  secretion  of  the  protein  into  the  extracellular  medium.  AOXiTT,  transcription  termination, 
Mfcrl,  a-factor.  (Inset  A)  PCR-amplified  mature  rPAP  cDNA.  Lane  1,  marker  (1-kb  ladder);  lane  2,  PCR  product.  (Inset  B)  PCR  analysis  of 
recombinant  Pichia  genome  for  integration  of  PAP  gene.  Amplification  of  the  PAP  gene  was  carried  out  using  6' AOXl  and  3' AOXl  primer 
pairs  (Invitrogen).  A  10-p.l  sample  from  PCR  was  run  on  a  0.7%  agarose  gel.  Lane  1,  marker  (1-kb  ladder);  lane  2,  Pichia  recombinant. 
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FIG.  2.  lA)  Coomassie  blue-stained  SDS-12'J  PAGE  gel  comparing 
the  expression  of  three  recombinant  PAP  clones  of  P.  pastoris  se¬ 
creted  into  the  medium.  (B)  Western  blot  analysis  using  anti-PAP 
serum.  (C)  Western  blot  analysis  using  anti-myc  antibody.  (D)  Blot¬ 
ting  of  rPAP  with  Ni-NTA  conjugated  to  alkaline  phosphatase.  Lane 
1,  uninduced  culture  medium;  lane  2.  induced  culture  medium  of 
clone  1;  lane  3.  induced  culture  medium  of  clone  2:  lane  4.  induced 
culture  medium  of  clone  3.  Each  lane  contains  30  pi  of  the  culture 
supernatant. 


Immunoblot  Analysis  of  PAP  Protein 

The  protein  samples  were  resolved  on  a  SDS-12% 
PAGE  gel  and  transferred  onto  a  polwinylidene  diflu¬ 
oride  (PVDF)  membrane  using  the  Bio-Rad  trans-blot 


Time  (hrs) 

FIG,  3.  Effect  of  mature  PAP  expression  on  the  g^'owth  of  yeast  P. 
pastoris.  UI.  uninduced;  IN,  culture  induced  with  methanol,  as  de¬ 
scribed  under  Materials  and  Methods, 


TABLE  I 

Purification  and  Yield  of  Recombinant  Mature  PAP 
from  Yeast  Medium 


Steps 

Total  protein" 
(mg/L) 

Percentage  of 
total  protein 

Culture  broth 

205 

100 

After  buffer  exchange  ' 

190 

93 

After  concentration 

175 

85 

FPLC  fractions  poof 

10 

5 

"  Total  protein  measured  using  the  Bradford  assay  with  bovine 
serum  albumin  as  the  standard. 

Buffer  exchange  was  performed  by  dialysis  using  lOK  cutoff 
membrane  (Pierce). 

'  FPLC  column  purification  of  rPAP  was  performed  using  NiS04 
saturated  HiTrap  chelating  column  (Pharmacia),  as  described  under 
Materials  and  Methods.  The  yield  of  FPLC  fractions  corresponds  to 
the  yield  of  rPAP. 


apparatus,  as  described  (38).  The  PVDF  membrane 
was  blotted  using  rabbit  anti-PAP  serum,  mouse  anti- 
myc  antibody,  or  anti-His  antibody  as  primary  antibod¬ 
ies  and  horseradish  peroxidase-conjugated  goat  anti¬ 
rabbit  IgG,  horseradish  peroxidase-conjugated  goat 
anti-mouse  IgG,  or  alkaline  phosphatase-conjugated 
Ni-NTA  as  the  corresponding  secondary  antibodies/ 
reagent,  respectively.  The  bound  antibody  was  de¬ 
tected  using  the  enhanced  chemiluminescence  detec¬ 
tion  kit  (Amersham,  Arlington  Heights,  ID  or  a 
colorimetric  indicator  {3,3'-diaminobenzidine  tablets, 
Sigma). 

Cell-Free  Translation  Assays 

The  inhibitory  activity  of  rPAP  on  in  vitro  transla¬ 
tion  was  examined  as  described  previously  (38).  In 
brief,  increasing  concentrations  of  the  FPLC-purified 
rPAP  (0.01  to  5  ng/ml)  were  added  to  the  translation 
mixture  containing  10  /xl  of  rabbit  reticulocyte  lysate 
(Promega),  0.5  /xl  of  RNasin,  1.0  /xl  of  1  mM  amino 
acids  mixture  (minus  methionine),  and  1.0  /xl  of 
[^^S]  methionine  (10  mCi/ml,  Amersham).  The  final  vol¬ 
ume  was  adjusted  to  19  /xl  with  RNase  free  water.  The 
reaction  mixture  was  incubated  for  15  min  at  room 
temperature.  Protein  translation  was  initiated  by  add¬ 
ing  100  ng  (1  /xl  volume)  of  luciferase  mRNA.  After  2  h 
of  incubation  at  30°C,  10  /xl  of  each  reaction  mixture 
was  resolved  by  SDS-12%  PAGE,  dried,  and  autora- 
diographed.  Alternatively,  the  incorporation  of  radio¬ 
active  label  into  protein  was  determined  by  precipitat¬ 
ing  the  synthesized  luciferase  protein  (61-kDa)  with 
5%  trichloroacetic  acid  according  to  the  manufacturer’s 
instructions  (Promega).  A  minimum  of  10  concentra¬ 
tions  of  rPAP  was  used  for  the  calculation  of  the  IC50 
(50%  inhibitory  concentration)  values.  The  average 
ICr,o  values  (from  precipitation  assays)  were  calculated 
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FIG.  4.  One*step  purification  of  rPAP  using  Ni-HiTrap-chelating  FPLC  column  which  was  equilibrated  with  5  mM  sodium  phosphate,  50 
mM  NaCl,  pH  7.0,  and  5^  glycerol.  rPAP  was  eluted  with  a  linear  gradient  of  buffer  B  (5  mM  sodium  phosphate,  50  mM  NaCl,  pH  7.0,  5% 
glycerol,  250  mM  imidazole)  at  a  flow  rate  of  1.5  ml/min  (dotted  line).  The  fractions  containing  the  rPAP,  as  indicated  by  the  black  bar,  were 
pooled,  dialyzed  and  concentrated.  (Inset  A)  Coomassie  blue-stained  SDS-12%  PAGE  of  purified  rPAP.  Lane  M,  molecular  mass  marker 
positions;  lane  1,  culture  supernatant;  lane  2,  flowthrough  (fractions  5-15);  lane  3,  rPAP  (fractions  23-28).  (Inset  B)  Western  blot  analysis 
using  anti-PAP  serum. 


by  nonlinear  regression  analysis  (Prism-2  GraphPad 
software,  Santiago,  CA)  as  the  mean  value  from  three 
independent  experiments.  The  cpm  values  in  control 
samples  (all  of  the  reagents  added  except  for  PAP) 
ranged  from  3.7  to  4.5  x  10'  cpm/ml  and  were  used  as 
100%  incorporation  when  determining  the  percentage 
of  control  protein  synthesis  values  for  PAP-treated 
samples. 

In  Vitro  Assays  of  Anti-HIV-l  Activity 

The  anti-HIV- 1  activity  of  rPAP  was  evaluated  by 
determining  its  ability  to  inhibit  the  replication  of  the 
HIV-1  strain  HTLV-IIIB  in  normal  human  peripheral 
blood  mononuclear  cells  (PBMCs)  from  HIV-negative 
donors,  as  previously  described  (38).  Percentage  of  vi¬ 
ral  inhibition  was  determined  by  comparing  the  HIV-1 
p24  antigen  production  by  the  rPAP-treated  infected 


cells  with  the  p24  antigen  production  by  untreated 
infected  cells  (i.e.,  virus  controls).  The  IC50  values  were 
calculated  by  nonlinear  regression  analysis  (Prism-2 
program)  using  the  data  from  three  independent  ex¬ 
periments. 

RESULTS  AND  DISCUSSION 

We  have  cloned  the  PAP  gene  (Fig.  1,  inset  A)  encod¬ 
ing  amino  acid  residues  23  to  284  (mature  PAP)  into 
the  yeast  vector  pPICZaC  by  fusing  it  to  the  prepro 
region  of  the  a-factor  mating  secretion  signal  (Mfal) 
derived  from  S.  cei'cvisiae  for  expression  in  P,  pastoris 
(Fig.  1).  The  Mfal  prepro  of  the  pPICZaC  vector  en¬ 
codes  an  89-amino-acid  protein  and  is  under  the  con¬ 
trol  of  the  P.  pastoris  alcohol  oxidase  promoter  AOXl. 
The  recombinant  plasmid  was  linearized  at  Pmel  site 
and  transformed  into  P.  pastoris  for  gene  integration  at 
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FIG.  5.  Ribosome  inhibitory  activity  of  recombinant  and  native 
PAP  in  in  vitro  rabbit  reticulocyte  lysate  system.  Each  value  repre¬ 
sents  an  average  from  three  independent  experiments.  Protein  svm- 
thesis  was  measured  by  [  *'^S)methionine  incorporation  and  the 
amount  of  incorporation  by  the  control  samples  containing  all  of  the 
reagents  except  for  PAP  was  assigned  a  \  aiue  of  100^^.  i Inset'  lucif- 
erase  protein  synthesized  in  the  presence  or  absence  of  native 
inPAP)  and  recombinant  PAP  (rPAPt.  Samples  were  resolved  on 
SDS-10^  PAGE  and  autoradiographed.  Numbers  at  the  top  indicate 
the  concentration  of  PAP. 

AOXl  locus  (Fig.  1).  PCR  analysis  of  the  transformants 
confirmed  the  integration  of  the  PAP  gene  into  the  P. 
pastoris  genome  (Fig.  1,  inset  B).  Processing  of  the 
prepro-a-factor  in  this  vector  by  proteolytic  enzymes  is 
expected  to  remove  all  but  the  last  two  amino  acids  of 
the  prepro-a-factor.  The  C-terminus  of  PAP,  however, 
is  fused  to  a  polyhistidine  (His)6-tag,  which  permits 
detection  and  single-step  purification  of  the  secreted 
PAP  fusion  protein  by  metal-affinity  chromatography 
on  a  Ni^"-HiTrap  column  (Pharmacia). 

Nine  (His^,  Mut")  transformants  were  analyzed  for 
their  ability  to  secrete  the  recombinant  PAP  into  the 
medium.  Though  all  the  transformants  have  expressed 
and  secreted  the  rPAP  into  the  culture  medium,  three 
transformants  with  highest  expression  levels  were  cho¬ 
sen  for  further  assays.  All  three  clones  secreted  a  major 
soluble  protein  with  an  estimated  molecular  mass  of  33 
kDa  (Fig.  2A),  which  was  highly  immunoreactive  with 
the  rabbit  anti-PAP  serum  (Fig.  2B).  The  presence  of 
the  (His)6’tag  and  myc-tag  at  the  C-terminus  of  mature 
PAP  was  confirmed  by  blotting  with  a  Ni  ’  -NTA  alka¬ 
line  phosphatase  conjugate  (Fig.  2D)  or  an  anti-/?n'c 
antibody  iFig.  20. 

Since  PAP  inactivates  both  prokaryotic  and  eukary¬ 
otic  ribosomes,  we  first  examined  the  inhibitory  effects 
of  PAP  on  growth  of  P.  pastoris.  Cultures  were  initiated 
from  plates  and  the  yeast  cell  growth,  with  and  without 


the  presence  of  methanol  (inducer)  in  the  medium,  was 
monitored  by  measuring  Aroo-  As  shown  in  Fig.  3,  the 
expression  of  rPAP  did  not  affect  the  growth  of  P. 
pastoris  and  the  cells  expressing  either  the  PAP  gene 
or  the  vector  alone  grew  similarly  in  the  liquid  medium 
(Fig.  3).  This  lack  of  toxicity  suggests  that  the  rapid 
secretion  of  the  mature  rPAP  into  the  culture  medium 
likely  prevents  it  from  interacting  with  the  yeast  ribo¬ 
somes.  Secretion  of  a  33-kDa  protein  by  yeast  cells  also 
shows  that  the  a-mating  factor  signal  sequence  was 
processed  efficiently  by  the  dibasic  specific  protease 
Kex2p,  since  unprocessed  proteins  would  have  been  10 
kDa  larger. 

In  cultures  of  the  P.  pastoris  transformants,  rPAP 
production  was  detected  in  the  medium  1  day  after 
induction  with  methanol.  The  concentration  of  secreted 
rPAP  continued  to  increase  during  the  following  2  days 
of  induction  and  resulted  in  the  accumulation  of  10  ±  2 
mg  {n  -  3)  of  mature  rPAP  in  each  liter  of  culture 
medium  by  the  third  day  (Table  1).  The  uninduced 
cultures  did  not  express  detectable  levels  of  rPAP.  The 
secreted  rPAP  was  very  stable  under  the  described 
culture  conditions,  and  no  signs  of  degradation  could  be 
detected  either  by  SDS-PAGE  or  Western  blot  analysis 
(Fig.  2).  The  soluble  mature  rPAP  protein  was  purified 
from  the  culture  broth  by  FPLC  using  Ni^^-HiTrap 
metal-affinity  column  as  described  under  Materials 
and  Methods.  Using  this  method  vve  were  able  to  purify 
10  ±  2  mg/L  of  rPAP,  which  corresponds  to  approxi¬ 
mately  5%  of  the  total  protein  in  the  culture  broth.  The 
fractions  containing  rPAP  were  pooled,  concentrated, 
and  analyzed  by  SDS-12%  PAGE  (Fig.  4).  The  purified 
rPAP  secreted  by  P.  pastoris  was  virtually  pure  of 
contaminating  proteins  (Fig.  4,  inset  A). 

In  order  to  confirm  that  the  secreted  rPAP  is  cor¬ 
rectly  folded  and  possesses  the  expected  enzymatic  N- 
glycosidase  activity,  we  next  performed  in  vitro  trans¬ 
lation  inhibition  assays  using  the  nuclease-treated 
rabbit  reticulocyte  lysate  system.  Luciferase  mRNA 
was  translated  in  the  absence  or  presence  of  increasing 
concentrations  of  rPAP  or  native  PAP  (0.01  to  50  ng/ 


TABLE  2 

Potency  of  Recombinant  PAP  in  Inhibiting  Protein 
Synthesis  and  HIV-1  Replication 


ICr„)  (ng/ml) 

Protein 

Anti-ribosome" 

Anti-HIV-l  (p24)'' 

rPAP 

0.54  =  0.2 

89  ±  11 

nPAP 

0,52  r  0.2 

130  ±  18 

Anti-ribosome  activity  was  measured  from  rabbit  reticulocyte 
lysate  in  vitro  translation  assays. 

■’  Anti-HIV- 1  activity  was  determined  from  the  HIV-1  replication 
assays  using  human  PBMC  infected  with  HTLV-IIIB. 
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Concentration  (|ig/ml) 


FIG.  6.  Effect  of  rPAP  on  HIV-1  replication  in  human  PBMC.  (A) 
HIV-1  p24  antigen  production  in  PBMC  treated  with  native  PAP.  (B) 
HFV-l  p24  antigen  production  in  rPAP-treated  PBMC.  (C)  Inhibition 
of  HIV-1  replication  by  native  PAP  (nPAP)  versus  recombinant  PAP 
(rPAP).  The  viral  replication  was  measured  using  the  p24  core  pro¬ 
tein  as  a  marker.  The  p24  value  for  untreated  infected  cells  was  used 
as  100%  to  determine  the  percentage  inhibition  of  HIV-1  replication. 


ml).  Luciferase  mRNA  was  selected  because  it  encodes 
a  monomeric  protein  of  61  kDa  and  yields  a  single 
major  band  upon  SDS-PAGE  (Fig.  5,  inset).  The  ribo¬ 
some  inhibitory  activity  of  rPAP  was  comparable  to 
that  of  the  native  PAP.  The  IC^o  values  were  0.54  ±  0.2 


and  0.52  ±  0.2  ng/ml  for  rPAP  and  native  PAP,  respec¬ 
tively  (Table  2).  We  next  compared  the  anti-HIV  activ¬ 
ity  of  rPAP  to  that  of  native  PAP.  As  shown  in  Fig.  6, 
both  rPAP  and  native  PAP  inhibited  viral  replication 
in  HIV-l-infected  human  PBMC  in  a  concentration- 
dependent  fashion  with  IC50  values  of  89  ±  11  and 
130  ±  18  ng/ml,  respectively  (Table  2). 

PAP  has  gained  considerable  interest  in  recent  years 
due  to  its  use  as  either  a  ribosome  inhibitory  anticancer 
agent  or  a  broad-spectrum  antiviral  agent  (18-22).  Na¬ 
tive  PAP  expressed  in  the  P.  americana  plant  is  hetero¬ 
geneous  with  several  immunologically  distinct  isoforms 
which  vary  significantly  in  their  catalytic  and  antiviral 
activities  (1-3).  The  preclinical  and  clinical  testing,  how¬ 
ever,  requires  large  quantities  of  PAP  purified  to  homo¬ 
geneity.  Therefore,  large-scale  production  of  homoge¬ 
neous  PAP  by  the  methods  of  recombinant  DNA 
technology  would  be  greatly  beneficial.  Previous  at¬ 
tempts  on  expression  of  PAP  in  E,  coli  (25),  S.  cerevisiae 
(26),  and  plants  by  several  investigators  have  resulted  in 
unacceptably  low  levels  of  yields  (0.3  to  0.9  mg/L).  Re¬ 
cently  we  have  successfully  expressed  the  full-length 
PAP  (residues  23  to  313)  in  E.  coli  using  an  expression 
vector  PQE-31(38).  However,  the  expressed  PAP  seques¬ 
tered  as  inactive  inclusion  bodies  which  needed  further 
time-consuming  solubilization  and  refolding  steps  (38). 
Our  results  presented  herein  illustrate  that  rPAP  can  be 
efficiently  produced  in  the  P.  pastoris  expression  system. 
To  our  knowledge  this  is  the  first  successful  secretion  of 
soluble  and  fully  active  mature  rPAP  using  a  yeast  ex¬ 
pression  system.  Our  study  represents  a  significant  step 
toward  improving  amd  simplifying  the  production  of  re¬ 
combinant  pokeweed  antiviral  protein  for  advanced  pre- 
clinical  and  potential  clinical  studies. 
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The  Phytolacca  americana -derived  naturally  occur¬ 
ring  ribosome  inhibitory  protein  pokeweed  antiviral 
protein  (PAP)  is  an  A^-glycosidase  that  catalytically  re¬ 
moves  a  specific  adenine  residue  from  the  stem  loop  of 
ribosomal  RNA-  We  have  employed  molecular  modeling 
studies  using  a  novel  model  of  PAP-RNA  complexes  and 
site-directed  mutagenesis  combined  with  bioassays  to 
evaluate  the  importance  of  the  residues  at  the  catalytic 
site  and  a  putative  RNA  binding  active  center  cleft  be¬ 
tween  the  catalytic  site  and  C-terminal  domain  for  the 
enzjonatic  deadenylation  of  ribosomal  RNA  by  PAP.  As 
anticipated,  alanine  substitutions  by  site-directed  mu¬ 
tagenesis  of  the  PAP  active  site  residues  Tyr*^^,  Tyr^^^, 
Glu^^®,  and  Arg^^®  that  directly  participate  in  the  cata¬ 
lytic  deadenylation  of  RNA  resulted  in  greater  than  3 
logs  of  loss  in  depurinating  and  ribosome  inhibitory 
activity.  Similarly,  alanine  substitution  of  the  conserved 
active  site  residue  Trp^®®,  which  results  in  the  loss  of 
stabilizing  hydrophobic  interactions  with  the  ribose  as 
well  as  a  hydrogen  bond  to  the  phosphate  backbone  of 
the  RNA  substrate,  caused  greater  than  3  logs  of  loss  in 
enzymatic  activity.  By  comparison,  alanine  substitu¬ 
tions  of  residues  «>FE«^  that 

are  distant  fi*om  the  active  site  did  not  significantly 
reduce  the  enzymatic  activity  of  PAP,  Our  modeling 
studies  predicted  that  the  residues  of  the  active  center 
cleft  could  via  electrostatic  interactions  contribute  to 
both  the  correct  orientation  and  stable  binding  of  the 
substrate  RNA  molecule  in  the  active  site  pocket.  Nota- 
bly,  alanine  substitutions  of  the  hi^ily  conserved, 
charged,  and  polar  residues  of  the  active  site  cleft  in¬ 
cluding  •^RR",  and  •®FND**  substan- 

tially  reduced  the  depurinating  and  ribosome  inhibitory 
activity  of  PAP.  These  results  provide  unprecedented 
evidence  that  besides  the  active  site  residues  of  PAP,  the 
conserved,  charged,  and  polar  side  chains  located  at  its 
active  center  cleft  also  play  a  critical  role  in  the  PAP- 
mediated  depurination  of  ribosomal  RNA 


Pokeweed  antiviral  protein  (PAP)^  is  a  29-kDa  naturally 
occurring  protein  isolated  from  the  leaves  of  the  pokeweed 
plant,  Phytolacca  americana  (1-3),  PAP  belongs  to  a  family  of 
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plant  ribosome- inactivating  proteins  (RIPs)  that  catalytically 
depurinate  ribosomal  RNA  (3,  4).  The  enzymatic  activity  of 
PAP  has  been  shown  to  be  the  specific  cleavage  of  the  glycosidic 
bond  of  a  single  adenine  residue  (A^^^^  of  the  tetraloop  se¬ 
quence  GAGA)  that  is  located  in  the  highly  conserved  sarcin/ 
ricin  stem  loop  (4-7)  and  is  found  in  both  eukaryotic  rRNA  (28 
S)  and  in  prokaryotic  rRNA  (23  S).  The  ribosomes  depurinated 
by  PAP  in  this  manner  are  unable  to  interact  with  elongation 
factors  1  and  2  (8,  9),  and  thus  the  protein  synthesis  is  irre¬ 
versibly  inhibited  at  the  translocation  step  (7,  8). 

The  x-ray  structure  of  PAP  has  been  determined  previously 
and  is  composed  of  eight  a  helices  and  a  j3  sheet  consisting  of  six 
strands  (15-17).  The  refined  crystal  structure  of  PAP  suggests 
that  the  protein  can  be  divided  into  three  domains:  the  N- 
terminal  domain  (residues  1-69,  PAP  numbering),  the  central 
domain  (residues  70-179),  and  the  C-terminal  domain  (resi¬ 
dues  180-262).  All  of  the  highly  conserved  catalytic  site  resi¬ 
dues  (Tyr'^^,  Tyr^^^,  Glu^*^®,  and  Arg^*^®)  are  located  in  the 
central  domain.  A  deep  cleft  (“active  center  cleft”)  at  the  inter¬ 
face  between  the  central  and  C-terminal  domains  forms  the 
putative  substrate-binding  site  (16). 

Structural  studies  involving  complexes  of  PAP  with  various 
ligands  (adenine,  formycin,  and  pteoric  acid)  have  helped  clar¬ 
ify  the  nature  of  the  substrate  binding  site  of  PAP  (15, 17)  and 
provided  valuable  information  concerning  its  substrate  speci¬ 
ficity.  However,  these  studies  have  largely  been  limited  to 
single  nucleotides  or  nucleotide  analogs  in  the  active  site,  and 
details  of  how  PAP  binds  a  larger  RNA  fragment  of  the  ribo¬ 
some  remain  unknown.  Recent  modeling  studies  of  another 
member  of  the  RIP  family  (ricin)  have  also  been  useful  in 
suggesting  binding  modes  of  RNA  ifragm^ts  in  the  active  site 
(18).  Bas^  on  structural,  mutagenesis,  and  biochemical  stud¬ 
ies  of  several  RIPs  (ricin-A  chain,  trichosanthin,  and  momor- 
charin),  it  has  been  proposed  that  the  amino  adds  Tyr^  and 
Tyri23  (p^  numbering)  have  the  role  of  sandwiching  the  sus¬ 
ceptible  adenine  ring  of  ribosomal  RNA  into  the  energetically 
favorable  stacking  conformation  (19,  20).  Subsequently,  the 
side  chain  of  Arg^^®  can  protonate  the  N-3  atom  of  the  adenine 
base,  whereas  Glu^^®  stabilizes  a  positive  oxocarbonium  tran¬ 
sition  state  (15,  20).  Huang  et  al.  (21)  have  recently  proposed 
that  the  N-7  atom  of  the  adenine  base  can  also  be  protonated  by 
an  acidic  residue  such  as  Asp®"  (PAP  numbering)  in  trichosan- 
G.ir.  and  niomorchririn. 

We  have  recently  reported  the  expression  of  biologically  ac¬ 
tive  recombinant  PAP  in  Escherichia  coli  (22).  The  biological 
activity  of  recombinant  PAP  was  virtually  identical  to  that  of 
native  PAP  purified  from  the  pokeweed  plant  (22).  The  avail¬ 
ability  of  recombinant  PAP  provides  a  unique  opportunity  for 
structure-activity  relationship  (SAR)  analyses.  Furthermore, 
we  have  refined  the  x-ray  structure  of  PAP  (17)  and  established 
a  novel  model  of  the  PAP-RNA  complex  using  the  coordinates  of 
PAP  (Protein  Data  Bank  access  code  Iqcg),  PAP  complexed 
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with  forniycin  5' -monophosphate  (Protein  Data  Bank  access 
code  Ipag),  as  well  as  the  coordinates  of  the  ribosomal  RNA 
stem  loop  from  the  crystal  structure  of  the  29-nucleotide  RNA 
fragment  (Protein  Data  Bank  access  code  430d)  of  rat  28  S 
ribosomal  RNA,  which  contains  the  sarcin/ricin  loop. 

In  the  present  SAR  study,  we  employed  molecular  modeling 
studies  using  our  model  of  PAP-RNA  complexes  and  site-di¬ 
rected  mutagenesis  combined  with  bioassays  to  evaluate  the 
importance  of  the  residues  at  the  catalytic  site  and  a  putative 
RNA  binding  active  center  cleft  between  the  catalytic  site  and 
C-terminal  domain  for  the  enzymatic  deadenylation  of  riboso¬ 
mal  RNA  by  PAP.  As  anticipated,  alanine  substitutions  by 
site-directed  mutagenesis  of  the  PAP  active  site  residues  Tyr^^, 
Tyr^^^,  Glu^"^®,  and  Arg^*^®  that  directly  participate  in  the  cat¬ 
alytic  deadenylation  of  ribosomal  RNA  resulted  in  greater  than 
3  logs  of  loss  in  depurinating  and  ribosome  inhibitory  activity. 
Similarly,  alanine  substitution  of  the  conserved  active  site  res¬ 
idue  Trp^®®,  which  results  in  the  loss  of  stabilizing  hydrophobic 
interactions  with  the  ribose  as  well  as  a  hydrogen  bond  to  the 
phosphate  backbone  of  the  RNA  substrate,  caused  greater  than 
3  logs  of  loss  in  enzymatic  activity.  By  comparison,  alanine 
substitutions  of  residues  and 

i66pLi67  are  distant  from  the  active  site  did  not  signifi¬ 
cantly  reduce  the  enzymatic  activity  of  PAP.  Our  modeling 
studies  predicted  that  the  residues  of  the  active  center  cleft 
could  via  electrostatic  interactions  contribute  to  both  the  cor¬ 
rect  orientation  and  stable  binding  of  the  substrate  RNA  mol¬ 
ecule  in  the  active  site  pocket.  Notably,  alanine  substitutions  of 
the  highly  conserved,  charged,  and  polar  residues  of  the  active 
site  cleft  including  «^RR®",  ®®NN^^  and  ^FND"^  sub¬ 

stantially  reduced  the  depurinating  and  ribosome  inhibitory 
activity  of  PAP.  Our  findings  presented  herein  provide  unprec¬ 
edented  experimental  evidence  that  besides  the  catalytic  site 
residues,  the  conserved  charged  and  polar  side  chains  located 
at  the  active  site  cleft  of  PAP  also  play  a  critical  role  in  the 
catalytic  removal  of  the  adenine  base  from  target  ribosomal 
RNA  substrates. 

MATERIALS  AND  METHODS 

Molecular  Modeling— 'We  first  modeled  the  interaction  of  PAP  with 
the  single-stranded  RNA  heptamer  GAGAGOA,  which  contains  the 
target  sequence  for  PAP.  The  initial  posiOon  of  GAGAGGA  single- 
stranded  RNA  was  built  manually  using  RNA  coordinates  gen^ted  by 
Insightn  (33).  The  position  of  the  adenine  base  in  PAP  active  site  pocket 
(Protein  Data  Bank  access  code  IQCI)  (17)  was  used  as  a  guide  to 
properly  position  the  second  adenine  in  the  modeled  RNA  heptamer. 
Mi^r  steric  collisions  with  PAP  were  removed  by  manually  adjusting 
the  torsion  angles  of  the  phosphate  backbone.  The  RNA  heptamer  was 
roughly  positioned  within  the  long  concave  region  on  the  surface  of 
PAP.  This  general  position  of  the  RNA  heptamer  was  used  as  a  starting 
point  for  subsequent  docking  trials.  We  created  a  definitive  binding  set 
of  PAP  residues  in  the  active  site  pocket  to  move  as  a  3.5  A  shell  around 
the  manually  docked  RNA  substrate  during  energy  minimization.  The 
number  of  final  docking  positions  was  set  to  10,  although  finally  only 
2“4  promising  positions  were  identified.  The  calculations  used  a  con¬ 
sistent  valence  force  field  in  the  Discovery  program  and  a  Monte  Carlo 
strategy  in  the  Affinity  program.  Each  energy-minimized  final  docking 
of  t  ho  lieand  v'as  evaluated  using  the  interactive  score  function 
ir,  ihe  Ll‘:.  n^xiulv.  During  KN.X  docking  four  torsion  angles  in  phv:  - 
phate  backbone  near  the  bound  alanine  were  freed  to  increase  the 
volume  of  conformational  search.  The  final  binding  position  of  the  RNA 
heptamer  was  determined  based  on  the  evaluation  of  favorable  binding 
interactions  using  the  Ludi  score  function.  Ludi  score  included  the 
contribution  of  the  loss  of  translational  and  rotational  entropy  of  the 
RNA  fragment,  number,  and  quality  of  hydrogen  bonds  and  contribu¬ 
tions  from  ionic  and  lipophilic  interactions  to  the  binding  energy. 

We  next  modeled  the  interaction  of  PAP  with  a  29-nucleotide  RNA 
fragment  of  rat  28  S  rRNA.  The  initial  position  of  the  ribosomal  RNA 
stem  loop  in  the  PAP  active  site  was  built  manually.  This  was  done 
using  the  coordinates  of  PAP  (Protein  Data  Bank  access  code  Iqcg)  (17), 
PAP  complexed  with  FMP  (an  adenosine  analog,  Protein  Data  Bank 
access  code  Ipag)  (15)  and  the  coordinates  of  the  ribosomal  RNA  stem 


loop,  which  contains  the  sarcin/ricin  loop,  from  the  crystal  structure  of 
the  29-nucleotide  RNA  fragment  (Protein  Data  Bank  access  code  430d) 
(23).  To  place  the  RNA  fragment  in  the  PAP  active  site,  the  nucleotide 
A15  (analogous  to  A4324  in  eukaryotic  rRNA)  was  first  removed  from 
the  coordinates  of  the  RNA  fragment.  Because  FMP  binds  the  PAP 
active  site  in  a  conformation  thought  to  be  similar  to  that  of  the  targeted 
adenine  of  the  rRNA  fragment,  this  position  was  used  as  a  guide  to 
place  the  resulting  28-nucleotide  RNA  fragment  (residues  1-14, 16-29). 
The  possible  positions  of  this  RNA  fragment  in  the  PAP  active  site  were 
manually  explored  by  allowing  only  rigid  body  movements  under  the 
following  constraints:  the  5'-phosphate  group  of  G^®  should  be  within  a 
bonding  distance  from  the  3'-OH  of  FMP,  and  the  3'-OH  of  G'"  should 
be  within  a  bonding  distance  from  the  5'-phosphate  group  of  FMP. 
Under  such  constraints,  there  was  only  one  general  position  of  the  RNA 
structure  that  avoided  major  steric  interference  with  PAP.  Once  the 
RNA  fragment  was  positioned,  the  coordinates  of  the  A^®  nucleotide 
were  reinserted  so  that  it  matched  the  position  of  FMP.  This  general 
position  of  RNA  in  the  active  site  of  PAP  was  then  used  as  a  starting 
point  for  further  modeling  studies. 

To  refine  this  initial  position  and  to  explore  other  possible  positions, 
the  initial  model  was  used  to  perform  fixed  docking  using  the  Docking 
module  in  Insightll  employing  the  CVFF  forcefield  (33).  The  parame¬ 
ters  used  in  this  docking  included  searching  for  five  unique  structures: 
1000  minimization  steps  for  each  structure,  energy  range  of  10.0  kcal/ 
mol,  maximum  translation  of  the  ligand  of  3.0  A,  maximum  rotation  of 
the  ligand  of  10®,  and  an  energy  tolerance  of  1500  kcal/mol.  During  the 
minimization  steps  of  the  docking  procedure,  only  the  stem  loop  resi¬ 
dues  13-18  were  allowed  to  be  flexible,  whereas  the  residues  1-12  and 
19-29  were  held  fixed.  In  addition,  several  distance  and  torsion  re¬ 
straints  were  applied  to  the  13—18  (jC  base  pair  to  maintain  this 
interaction. 

Bacterial  Strains  and  Construction  of  Mutants — Recombinant  wild- 
type  PAP  (phosphate-buffered  saline-PAP)  was  obtained  by  subcloning 
the  PAP-/  gene  (amino  acids  22-313)  into  the  pBluescript  SK"  expres¬ 
sion  vector  (22).  Uracil-containing  template  of  PAP  was  obtained  by 
transforming  E,  coli  CJ236  with  the  recombinant  plasmid  phosphate- 
buffered  saline-PAP.  The  oligonucleotides  used  for  site-directed  mu¬ 
tagenesis  were  S5mthesized  by  Bios3nnthesis  Inc.  (Lewisville,  TX).  Site- 
directed  mutagenesis  procedure  was  as  described  in  the  manufacturer’s 
manual  (Mutagene  M13  in  vitro  mutagenesis  kit;  Bio-Rad).  DNA  se¬ 
quencing  was  carried  out  by  the  method  of  Sanger  et  at.  (24)  following 
the  manufacturer's  instructions  (U.  S.  Biochemical  Corp.).  Fine  chem¬ 
icals  and  restriction  enzymes  were  purchased  from  Roche  Molecular 
Biochemicals. 

Expression  and  Purification  of  Mutants-WM-tffpe  and  mutant  re- 
combinanUr)  PAP  proteins  were  expressed  in  E,  coh  MV1190  as  inclu¬ 
sion  bodies,  isolated,  solubilized,  and  refolded  as  described  previously 
(22).  The  refolded  proteins  were  analyzed  by  SDS-12%  polyacrylamide 
gel  electrophoresis  (PAGE).  Protein  oonoentratkms  were  determined 
from  the  gel  bovine  senun  albuiiiin  as  a  standard. 

Immunoblot  Analysis  of  rPAP  Mutants— T!iie  protein  samples  were 
resolved  on  a  SDS-12%  PAGE  and  transferred  onto  a  polyvinylidene 
difluoride  membrane  (Bio-Rad)  using  the  Bio-Rad  trans-blot  apparatus, 
as  described  previously  (22).  The  membrane  was  immunoblotted  using 
rabbit  anti-PAP  serum  (1:2000  dilution)  and  horseradish  peroxidase- 
conjugated  goat  anti-rabbit  IgG  (Sigma)  as  the  primary  and  secondary 
antibodies,  respectively.  The  blot  was  developed  using  3,3'-diaininoben- 
zidine  (Sigma)  as  the  colorimetric  indicator  for  peroxidase  activity. 

Aniline  Cleavage  Assays  of  Ribosomal  RNA  Depurination—5  pg  of  E. 
coli  16  S  and  23  S  rRNA  (Roche  Molecular  Biochemic^)  or  30  pg  of 
total  ribosome  prepared  from  the  rabbit  reticuloc3rte-rich  whole  blood 
(25)  were  incubated  with  either  5  or  25  pg  of  wUd-type  or  mutant  rPAP 
proteins  in  50  pi  (final  volume)  of  binding  buffer  (25  mM  TnS’HCl,  pH 
7.8. 10  mM  KCl,  5  mM  2%  glycerol)  at  37  ®C  for  1  h.  The  RNA  was 

o.xiractod  wiih  phenoiakio! oronii  (24;24;,  prccipiiated  with  ethanok 
and  treated  with  20  /d  ol‘  1  M  aniline  acetate  t  pH  4.5)  for  30  min  on 
The  RNA  was  precipitated  with  ethanol,  electrophoresed  in  a  6%  urea/ 
polyacrylamide  gel,  and  stained  with  ethidium  bromide  as  described 
previously  (22). 

Adenine  Release  Assays— The  release  of 'adenine  from  E.  coh  nboso- 
mal  RNA  (Roche  Molecular  Biochemicals)  was  measured  using  HPLC 
(Hewlett  Packard,  Palo  Alto,  CA)  equipped  with  a  diode  array  detector 
and  a  ChemStation  software  program  for  data  analysis  (14).  E.  coh 
ribosomal  RNA  (2  pg)  was  incubated  with  5.0  pM  of  wild-type  or  mutant 
rPAP  proteins  for  1  h  at  37  ®C  in  50  pi  of  binding  buffer  (26  mM 
Tris'HCl  pH  7.8,  10  mM  KCl,  5  mM  MgCljt  2%  glycerol).  The  reaction 
was  stopped  by  adding  100  pi  of  HPLC  running  buffer  (50  mM 
NH4C2H3O2,  5%  methanol,  pH  5.0),  and  100  pi  of  the  sample  was 
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Fig.  1.  Putative  substrate  binding 
site  of  PAP.  The  depicted  ball-and-stick 
model  represents  an  RNA  heptamer 
(GAGAGGA)  that  was  docked  into  the 
RNA  binding  site  by  computer  simula¬ 
tion.  The  image  was  created  using 
GRASP  software  (28).  Alanine  substitu¬ 
tion  of  residues  furthest  from  the  catalytic 
site,  at  the  catalytic  active  site,  and  at  the 
active  center  cleft  are  differentially  repre¬ 
sented  by  bluCy  red,  sad  green,  respectively. 


injected  automatically  into  a  reverse-phase  Lichrospher  100RP-18E 
analytical  column  (Hawlett-Pakard,  5-mm  particle  size,  250  X  4  mm) 
that  was  equilibrated  with  HPLC  running  buffer.  The  detector  wave¬ 
length  was  set  at  260  nm,  and  the  sample  was  eluted  under  isocratic 
conditions  at  a  flow  rate  of  1.0  ml/min  as  described  before  (14).  Controls 
included  (a)  samples  containing  untreated  ribosomal  RNA  and  (6)  sam¬ 
ples  without  ribosomal  RNA.  The  adenine  standard  was  purchased 
from  Sigma.  A  calibration  curve  was  generated  to  establish  the  linear 
relationship  between  the  absolute  peak  area  and  the  concentrations  of 
adenine  in  the  tested  samples.  Adenine  at  final  concentrations  of  0.1, 
0.5,  1.0,  2.5,  and  5.0  yM  (5,  25,  50,  125,  and  250  pmol/50  ml,  respec¬ 
tively)  was  injected  into  the  HPLC  system  for  analysis,  and  the  cali¬ 
bration  curve  was  generated  by  plotting  the  absolute  peak  area  against 
the  concentrations  of  adenine  as  described  previously  (14).  Unweighted 
linear  regression  analysis  of  the  calibration  curve  was  performed  by 
using  the  CA-Cricket  graph  HI  computer  program  (Computer  Associa¬ 
tion,  Inc.,  Islandia,  NY).  Intra-assay  and  inter-assay  accuracy  and 
precisions  were  evaluated  as  described  previously  (14).  Under  the  de¬ 
scribed  chromatographic  conditions,  the  retention  time  for  adenine  was 
9.7  min,  and  adenine  was  eluted  without  an  interference  peak  fix)m  the 
blank  controls  (data  not  shown).  The  lowest  limit  of  detection  for  ade¬ 
nine  was  2.5  pmol  at  a  signal  to  noise  ratio  of  ~3.  The  intra-  and 
inter-assay  coefficients  of  variation  were  less  than  4%.  The  overall 
intra-  and  inter-assay  accuracies  of  this  method  were  98.7  ±  1.7%  in  = 
6)  and  95.7  ±  3.0%  (n  -  6),  respectively. 

Cell-free  Translation  Assays — Protein  synthesis  was  assayed  in  a 
cell-free  system  using  nuclease-treated  rabbit  reticulocyte  lysates  (Pro- 
mega,  Madison,  WI)  and  luciferase  mRNA,  as  described  previously  (22). 
In  this  assay,  luciferase  mRNA  was  translated  in  the  presence  or 
absence  of  increasing  concentrations  of  wild -type  or  mutant  rPAP  pro¬ 
teins.  Luciferase  mRNA  encodes  for  a  monomeric  protein  of  61  kDa  on 
SnS-PAGE.  In  brief,  varvnng  amounts  (0.01-12,000  njj/ml)  of  wild-t\'pe 
oi  inuLai.L  rPAP  protein.^  \\cro  ad<i<.‘d  lo  i;.  ir::  niixiuro  <  P)  ;  1 

rabbit  reticulocyie  lysaio;  0.5  pi  of  1.0  m.M  najLluuiiinc-lree  ainuio  aciu.'. 
mixture;  and  1.0  /xl  of  methionine,  10  mCi/ml)  to  a  final  volume  of 
19  pi  and  incubated  for  15  min  at  room  temperature.  Protein  synthesis 
was  initiated  by  adding  0.12  pg  of  luciferase  mRNA  in  a  1.0-pl  volume, 
and  the  incubation  was  continued  for  2  h  at  30  *C.  Translation  w’as 
stopped  by  the  addition  of  5%  trichloroacetic  acid,  and  the  precipitated 
polypeptides  were  collected  on  Whatman  GF/C  glass  microfiber  filters. 
The  incorporation  of  was  determined  by  counting  the  radioactivity 
on  the  filters  using  a  liquid  scintillation  counter  (Beckman  LS  6000SC) 
as  described  previously  (22).  The  (50%  inhibitory  concentration) 
values  were  calculated  by  nonlinear  regression  analysis  (Prism-2  Graph 
Pad  software,  San  Diego,  CA)  using  the  average  values  of  three  inde¬ 
pendent  experiments.  The  cpm  values  in  control  sample  with  all  the 


reagents  added  except  the  test  sample  ranged  from  3  to  4  X  10’  cpm/ml 
and  were  considered  as  100%  incorporation  when  determining  the 
percentage  of  control  protein  synthesis  values  for  samples  treated  with 
test  materials. 

RESULTS  AND  DISCUSSION 

Modeling  Studies  of  the  Catalytic  Active  Site  and  RNA-bind- 
ing  Residues  of  PAP — Our  first  model  of  PAP-RNA  heptamer 
complex  {i.e.  PAP-GAGA(XjA  complex)  indicated  that  the  tar¬ 
get  RNA  heptamer  can  bind  very  strongly  to  PAP  via  multiple 
interactions  along  the  concave  cleft  region  (Fig.  1).  The  central 
adenine  base  is  sandwiched  between  Tyr^^  and  as  ob¬ 

served  previously  (15, 17)  and  forms  four  hydrogen  bonds  with 
active  site  residues  (Val'^®,  Ser^^^,  and  Arg^*^®).  There  are  addi¬ 
tional  stabilizing  electrostatic  interactions  between  neighbor¬ 
ing  negatively  charged  phosphate  groups  and  two  clusters  of 
positively  charged  interactions  on  the  PAP  surface  formed  by 
Arg^"^®  and  Lys^^®  from  one  side  and  by  Arg^“  and  from 

the  other  side  of  the  active  site.  The  two  adjacent  guanines  (G® 
and  G®)  of  the  bound  adenine  (A'*)  do  not  have  any  spedfre 
interactions  with  PAP,  whereas  the  other  ribonucleotides  in¬ 
teract  with  the  active  site  cleft  residues.  These  interactions 
help  to  properly  position  the  adenine  base  in  the  PAP  active 
site  so  that  it  can  be  cleaved  with  high  efficiency. 

Our  second  more  advanced  model  of  PAP-RNA  complex  in¬ 
volved  an  RNA  stem  loop  fragment  (29-nucleotide,  5'- 
GGGU(GCUCAGUACGAGAGGAACCGCACCC-3')  docked  into 
the  active  site  of  PAP  as  shown  in  Fig.  2.  This  orientation 
nllov  ,-  the  purine  ring  of  a'i'  niiu?,  ai  the  position  tha:  f.^rre- 
sponds  to  15  (A^^),  of  the  stem  loop  to  be  sandwiched  between 
the  side  chains  of  Tyr^^^  and  Tyr’^,  as  observed  crystallo- 
graphically  (15)  for  the  adenine  analog,  FMP  (formycin  mono¬ 
phosphate).  The  crystallographic  position  of  FMP  shows  that 
the  N^  of  the  adenine  analog  ring  donating  a  hydrogen  bond  to 
the  carbonyl  oxygen  of  VaP^,  whereas  N^  is  accepting  a  hydro¬ 
gen  bond  from  the  amide  backbone  of  VaP^.  Our  model,  how¬ 
ever,  positions  A^®  in  a  slightly  different  position  and  now  has 
N®  donating  a  hydrogen  bond  to  the  carbonyl  oxygen  of  Ser^^^ 
and  is  slightly  more  distanced  from  the  carbonyl  oxygen  of 
Val’^.  In  addition,  the  distance  between  N^  and  the  amide 
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Fig,  2.  Molecular  model  of  PAP- 
RNA  stem  loop  complex.  A,  the  ^ 
strands  of  PAP  are  blue  and  are  labeled 
The  a  helices  are  yellow  and  are 
labeled  al-a8.  The  phosphate  backbone 
of  the  RNA  fragment  is  violet,  and  the 
four  nucleotides  that  make  up  the  tar¬ 
geted  tetra-loop  (GAGA)  of  the  conserved 
sarcin/ricin  loop  sequence  are  shown  as 
ball-and-stick  models.  The  structure  of 
the  29-nucleotide  ribosomal  RNA  frag¬ 
ment  comes  from  the  recently  published 
crystal  structure  (Protein  Data  Bank  ac¬ 
cess  code  430d)  and  has  the  sequence  5'- 
GGGUGCUCAGUACGAGAGGAACCGC- 
ACCC-3'.  This  figure  was  produced  with 
MOLSCRIPT  (29)  and  RASTER3D  (30). 
B,  stereoview  of  the  overall  orientation  for 
the  modeled  complex  of  PAP  with  29 -nu¬ 
cleotide  RNA  stem  loop  fragment.  PAP  is 
shown  as  a  red  Ca  trace,  where  the  active 
site  residues  Tyr'^^,  Glu^’®,  and 

are  shown  as  green  stick  models. 
The  29-nucleotide  RNA  fragment  is  gray, 
with  the  four  residues  of  the  conserved 
tetra-loop  (GAGA)  in  blue.  The  model 
shows  the  position  of  A^®  in  RNA  buried 
in  the  active  site  of  PAP  and  shows  sev¬ 
eral  of  the  residues  of  the  stem  loop  in 
positions  to  interact  with  PAP.  This  fig¬ 
ure  was  produced  using  MOLSCRIPT 
(29). 


backbone  of  Val^^  is  also  slightly  out  of  range  for  a  hydrogen 
bond  to  occur.  The  active  site  residue  Glu^^®  is  in  a  position 
similar  to  what  has  been  observed  experimentally,  where  the 
negatively  charged  chain  is  under  the  glycosidic  bond  of 
and  is  proposed  to  stabilize  the  positive  oxocarbonium  ion  that 
develops  on  the  ribose  group  in  the  transition  state  (15,  26). 


Another  active  site  residue  Arg^^®  also  shows  a  similar  confor¬ 
mation  where  it  is  in  a  position  to  protonate  of  the  adenine 
ring.  Thus,  the  overall  conformation  of  the  PAP  active  site 
residues  of  our  model  is  similar  to  those  observed  previously 
(18),  as  shown  in  Fig.  2. 

The  base  stacking  pattern  of  the  model  is  also  interesting  to 
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Fig.  3.  Schematic  diagram  of  the  in¬ 
teractions  observed  in  the  model  be¬ 
tween  PAP  and  the  29-nucleotide 
stem  loop  RNA  fragment.  This  figure 
was  produced  using  NUCPLOT  (31), 


Key 


5’ 


Backbone  sugar  and  base*number 


(p)  Phosphate  group 

*  Rcskltie  on  plot  more  than  once 
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. Nonbonded  contact  to  RNA  (<  335A) 


note.  As  mentioned  previously,  is  sandwiched  between  two 
tyrosine  residues,  and  is  stacked  on  top  of  Tyr*^^.  The 
modeled  positions  of  between  the  tyrosine  residues  (Tyr^^ 
and  Tyr^)  of  PAP  should  allow  A^®  to  be  inserted  into  the 
active  site  of  PAP  and  still  maintain  the  favorable  base  stack¬ 
ing  interactions  that  help  stabilize  the  RNA  structure.  Several 
contacts  are  formed  with  the  stem  loop  that  appear  to  provide 
specificity  for  A^®  and  of  the  stem  loop.  The  majority  of 
these  contacts  are  formed  with  A^®  and  include  hydrogen  bonds 
with  Ser^^^  and  Arg^^®.  The  Asp®^  forms  a  hydrogen  bonds  with 
the  amine  and  of  the  base.  There  are  several  additional 
binding  contacts  are  formed  between  the  phosphate  backbone 
and  the  positively  charged  residues  Arg'^',  Arg^^'“,  Arg^^'-,  and 
Lys^^®,  as  well  as  several  other  polar  residues  such  as  Asn^®  of 
the  active  site  cleft.  All  of  the  contacts  that  are  formed  between 
PAP  and  the  RNA  fragment  are  showm  schematically  in  Fig.  3. 

Both  models  support  the  notion  that  the  active  site  residues 
Tyr^^,  Tyr^^®,  Glu^"^®,  and  Arg^^®  are  directly  responsible  for 
the  catal3rtic  function  of  PAP.  In  addition,  modeling  studies 
with  the  RNA  fragments  uniquely  indicate  that  several  resi¬ 
dues  (Lys"*®,  Arg®"^,  Asn®®,  Asn'^®,  Asp®^,  Arg^^^,  and  Lys^^®) 
that  are  not  directly  involved  in  the  catalytic  depurination  at 
the  active  site  are  forming  specific  interactions  with  the  RNA 


substrate.  The  model  of  PAP  complexed  with  the  29-nucleotide 
RNA  stem  loop  firagment  indicates  that  the  positive  charge  of 
Arg®^  should  enable  this  residue  to  favorably  interact  with  the 
negatively  charged  phosphate  backbone  of  G^®  in  RNA, 
whereas  Asn®®  and  Asn^®  interact  with  the  phosphate  back¬ 
bone  of  G^®  and  ribose  of  G^®,  respectively  (Fig.  3).  According  to 
our  model,  Asp®^  interacts  with  the  base  of  G^®  and  may  there¬ 
fore  contribute  to  the  binding  of  PAP  to  the  tetra-loop  structure 
of  RNA  (Fig,  3).  Our  model  also  suggests  that  the  side  chain  of 
Trp2oa  engage  in  a  hydrophobic  interaction  with  the  ribose 
of  and  the  amide  backbone  of  Trp^®®  can  form  hydrogen 
bond.s  with  the  phosphate  backbone  of  G*®.  Therefore,  muta¬ 
tions  involving  Trp“'^®  could  result  in  local  conformational 
change  at  the  catalytic  site  of  the  PAP  and  disrupt  these  sta¬ 
bilizing  interactions  with  G^®. 

Our  models  indicate  that  the  above  interactions  are  impor¬ 
tant  for  binding,  orientation,  and  stabilization  of  the  RNA 
substrate,  and  their  mutation  could  therefore  lead  to  signifi¬ 
cant  loss  of  catalytic  activity.  Obviously  the  removal  of  posi¬ 
tively  charged  residues  will  diminish  the  strength  of  binding  to 
the  negatively  charged  phosphate  backbone  of  RNA  and  sub¬ 
sequently  reduce  the  activity  PAP.  Besides,  Asn^®  forms  a 
hydrogen  bond  with  the  catalytic  site  residue  Arg^^®,  and  ala- 
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A  Conserved  Active  Site  Residues 


Ricin-A 

■'■'TNAYV*^  .  . 

.  .  ‘■'‘SEAARFQ^®^ . 

.  .  .  ^^“SWG 

PAP-S 

®®NNLYV” .  . 

,  .  ^■’^SEAARFK*®” . 

.  .  .^"^NWG 

PAP-II 

®®GNLYL®° .  . 

.  .  “®ksyk“®  .  . 

.  . .  ^”nwd 

PAP-I 

.  .  ^■'^SEAARFK^®^ . 

.  .  . 

B  Stereo  view  of  PAP  Active  Site  Residues 


C  Residues  Conserved  Among  PAP  isoforms 
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PKlfV®® 
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PFETNKCRYHIFNDI^ 


. ^*®EETiL^ 
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Fig.  4.  Structural  alignment  of  selected  primary  sequence  of  PAP-I  with  PAP-H  PAP-S  and  ^cin-A.  Nmnbering  is  r^l^  to 
initiation  codon.  A,  comparison  of  the  residues  that  were  conserved  among  the  RIPs.  B,  stereoview  of  the 

residue  (Ai5)  of  RNA.  The  PAP  residues  thought  to  be  involved  in  the  catalytic  mechanism  (772,  V73,  Y123,  E275,  ai^  R279)  are  alM  showm  The 
figure  was  pnxiuced  using  MOLSCRIPT  (29).  C,  comparison  of  the  amino  acids  that  are  highly  conserved  ^ong  the  ^^forms  but  not  ncm-A 
rV>«in  The  conserved  residues  are  in  bold  type.  The  residues  that  were  mutated  in  this  study  are  underlined  m  the  FAF-1  sequence. 


nine  mutation  of  this  residue  would  therefore  likely  affect  the 
enzymatic  activity  of  PAP. 

Construction  and  Expression  of  PAP  Mutants — Recombinant 
PAP  mutants  with  alanine  substitutions  of  the  conserved  cat¬ 
alytic  site  and  active  center  cleft  residues  were  constructed 
using  site-directed  mutagenesis  techniques.  Alanine  substitu¬ 
tions  were  considered  because  the  replacement  of  side  chains 
with  alanine  would  be  least  disruptive  to  the  overall  structure 
(27).  Also,  aianine  does  not  impost  now  liv(iro,,"en  bonding, 
sterically  bulky,  or  unusually  hydrophobic  side  chains  (27).  An 
amino  acid  alignment  of  PAP  residues,  selected  for  mutagene¬ 
sis,  with  those  of  PAP-II,  PAP-S,  and  ricin-A  chain  is  shown  in 
Fig.  4.  The  active  site  residues  selected  for  mutagenesis  are 
highly  conserved  among  the  various  RIPs  identified  to  date 
(Fig.  4A).  The  residues  outside  the  active  site  chosen  for  mu¬ 
tagenesis  are  highly  conserved  among  the  PAP  isoforms,  but 
they  are  different  from  those  in  ricin-A  chain  (Fig.  4C).  The 
positions,  chemical  nature,  and  secondary  structural  elements 
of  the  amino  acids  substituted  with  alanine  are  indicated  in 
Table  I. 


Thirteen  point  mutants  of  recombinant  PAP  (Table  I),  con¬ 
taining  single,  double,  or  triple  alanine  substitutions,  were 
constructed  and  expressed  in  the  E.  coli  strain,  MV1190,  as 
inclusion  bodies.  The  inclusion  bodies  were  purified,  solubi¬ 
lized,  refolded,  and  analyzed  by  SDS-PAGE  (Fig.  5A).  All  of  the 
mutant  proteins  were  expressed  in  yields  comparable  to  that  of 
the  wild-type  PAP  (Fig.  5A).  The  solubilized  and  refolded  mu¬ 
tants  displayed  a  33-kDa  major  protein  on  SDS-PAGE,  were 
reactive  l.i  tiut  anti-PAP  serum  and  were  stable  under 
our  solubilization  and  refolding  conditions  (Fig.  5B). 

Inhibition  of  Translation  in  the  Rabbit  Reticulocyte  Lysate 
Assays — The  mutants  could  be  roughly  categorized  into  three 
major  groups.  The  first  group  includes  PAP  mutants  with  ala¬ 
nine  substitutions  distant  from  the  catalytic  active  site  (FLP- 
l/'«AA2^  FLP-6/®^AA«S  FLP-8/'''AA'^^  and  FLP-10/'®®AA^®"; 
colored  blue  in  Fig.  1).  Based  on  our  modeling  studies  we  did 
not  expect  these  mutants  to  have  substantially  reduced  activ¬ 
ity.  The  experimentally  determined  IC50  values  from  cell-free 
translation  assays  confirmed  that  the  ribosome  inhibitory  ac¬ 
tivity  of  FLP-1,  FLP-6,  FLP-8,  and  FLP-10  proteins  (IC50  = 
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Secondary  structure  denotations  are  as  follows:  L,  loop;  a,  a-helix. 


Mutant 

Original  residue 
numbered 

Substituted 

residue 

Secondary 

structural 

element 

Translation 
inhibition  IC50® 

Mutant  IC50 

Adenine 

released^ 

Wild-type  IC50 

ngfml 

pmol  /  pg  RNA 

Wild  type 

6.7  (4.6-6.9) 

1 

396  ±  15 

FLP-1 

281^)29 

28AA29 

L 

5.9  (3.9-8.8) 

1 

319  ±  14 

FLP-2 

48kY49 

L 

131  (105-162) 

23 

211  ±  10 

FLP-3 

67j^j^68 

67aa6» 

L 

189  (158-225) 

33 

132  ±  12 

FLP-4 

69j^tn70 

69a^^T0 

L 

1086  (833-1416) 

191 

46  ±  5 

FLP-5 

71lY'^2 

L 

>10,000 

>1754 

9  ±  2 

FLP-6 

aopgsi 

80^81 

L 

49  (33-74) 

9 

235  ±  13 

FLP-7 

90fnd®2 

L 

2006  (1874-2258) 

352 

19  ±5 

FLP-8 

1115^112 

111AA"2 

L 

6.7(5.e-8.1) 

1 

376  ±  11 

FLP-9 

122j^Y123 

122^123 

L 

>10,000 

>1754 

12  ±  3 

FLP-10 

166FL167 

166^167 

6.8  (5.8-7.8) 

1 

392  ±  15 

FLP-11 

Glu^’" 

«5 

>10,000 

>1754 

7  ±  2 

FLP-12 

Arg^’® 

«5 

2193  (1998-2210) 

385 

14  ±  7 

FLP-13 

Trp208 

«7 

>10,000 

>1754 

4±2 

“  95%  confidence  limits  are  given  in  parentheses. 

^  Each  value  is  the  mean  ±  S.D.  of  three  experiments. 
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Fig.  5.  Coomassie  Blue-stained  SDS-12%  PAGE  (A-i  and  B,l) 
and  Western  blot  analysis  (A,2  and  B.2)  of  wild-type  and  mutant 
recombinant  PAP  Proteins.  Mass  of  the  protein  (in  kDa)  is  shown  on 
the  left.  Each  lane  contains  5-7  pjg  of  recombinant  PAP  protein.  WT, 
wild  type. 


5.9  ±  1.0, 49  ±  3.0, 6.7  ±  1.0,  and  6,8  ±  0.9  ng/ml,  respectively) 
were  comparable  with  that  of  the  wild  type  (IC50  =  5,7  ±  1.0 
ng/ml;  Fig.  6A  and  Table  I).  The  data  from  adenine  release 
assays  and  aniline  cleavage  assa3r8  were  in  accordance  with  the 
translation  inhibition  data. 

The  second  group  of  PAP  mutants  include  those  with  muta¬ 
tions  at  the  catalytic  active  site  (FLP-5/^^AA^^,  FLP-9/ 
i22aa123^  FLP-liyAla^’'®,  FLP-12/Ala^^^  and  FLP-13/Ala''°®; 
colored  red  in  Fig.  1).  Alanine  substitutions  at  these  locations 
were  expected  to  affect  the  orientation  of  the  substrate  adenine 
in  the  active  site  and  subsequent  enzymatic  cleavage  of  the 
glycosidic  bond.  As  predicted  from  our  modeling  studies,  these 
mutants  wore  onzynintirally  inactive  (Fig.  (\B  and  Table  I).  At 
a  5  }}.'S\  concentratu 'H.  \‘>  in.:  lvpe  PAI'  J  t'lens'.--:  cj'ju  .1  ]  -I  of 

adenine/p-g  of  ribosomal  RNA  (Table  I).  By  comparison,  the 
catalytic  site  mutants,  FLP-5,  FLP-9,  FLP-11,  FLP-12,  and 
FLP-13  released  9  ±  2,  12  ±  3,  7  ±  2,  14  i  7,  and  4  ±  2  pmol 
of  adenine/pg  of  rRNA,  respectively.  Substitution  of  the  cata¬ 
lytic  active  site  residues  (FLP-5)  and  (FLP-9), 

(FLP-11)  and  Trp^°®  (FLP-13)  have  resulted  in  nearly 
complete  loss  (>  1700-fold  less  active)  of  ribosomal  depurina- 
tion  activity,  as  we  expected.  Arg^^®  (active  site  residue),  how¬ 
ever,  apparently  plays  a  less  important  role  in  catalytic  dead- 
enyiation  than  the  other  active  site  residues  (only  385-fold  less 
active  than  the  wild  type). 


Fig.  6.  Ribosome  inhibitory  activity  of  wild-type  and  mutant 
recombinant  PAP  proteins  in  an  in  vitro  rabbit  reticuIoc3rte 
lysate  system.  Each  value  is  an  average  from  four  independent  exper¬ 
iments.  Cell-free  protein  synthesis  in  the  rabbit  reticulocyte  lysate 
system  was  measured  by  P^S]  methionine  incorporation.  Control  sam¬ 
ples  treated  with  all  the  reagents  except  PAP  were  assigned  a  value  of 
100%  incorporation.  A,  mutants  furthest  from  the  active  site.  B,  mu¬ 
tants  at  the  catalytic  active  site.  C,  mutants  at  the  active  center  cleft. 
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Key 


Non-ligand  bond 
Hydrogen  bond  and  it);  length 


His  5.'  Non -ligand  residues  involved  in  hydrophobic 
coniact(s) 

^  Corresponding  atoms  involved  in  hydrophobic  conuct(s) 


Fig.  7.  Details  of  interactions  of  PAP  residues  69-70  (A)  and  90-92  (JB)  with  neighboring  residues.  Most  of  the  pictured  hydrogen  bonds 
are  lost  in  alanine  substitution.  The  figure  was  created  using  LIGPLOT  (32). 


The  third  group  of  PAP  mutants  included  those  with  muta¬ 
tions  in  the  active  center  cleft  between  the  central  and  C- 
terminal  domains,  dominated  by  charged  (Lys'*®,  Arg®^,  Arg®®, 
and  Asp®^)  and  polar  (Asn®®  and  Asn^®)  side  chains  forming 
contacts  with  the  modeled  RNA  substrates,  (FLP“2/*®AA^®, 
FLP-3/®^AA®®,  FLP-4/®®AA^®,  and  FLP-7/®®AAA“;  colored 
green  in  Fig.  1).  All  of  these  mutated  residues  are  involved  in  a 
complex  network  of  interactions  pivotal  for  the  proper  orienta^ 
tion  of  the  substrate  RNA.  In  addition,  Asn^®  (FLP-4)  forms  a 
hydn^en  bond  with  the  catalytic  residue  Arg^^®,  and  alanine 
substitution  might  lead  to  a  functionally  unfavorable  confor¬ 
mation  of  the  Arg^*^®  side  chain  (Fig.  7).  Notably,  mutations  at 
the  active  center  cleft  have  markedly  diminished  (23-,  33- 19 1-, 
and  352-fold  less  active,  respectively)  the  enzymatic  activity  of 
PAP  (Fig.  6C  and  Table  I).  As  shown  in  Fig.  6,  the  inhibition 
curves  shifted  to  the  right,  consistent  with  a  significant  de¬ 
crease  in  enzymatic  activity.  The  bioassays  were  carried  out 
using  at  least  four  different  preparations  of  wild-type  and  mu¬ 
tant  rPAP  and  yielded  comparable  results.  Sub.stitution  of 
4Hk^-4H  ^FLP-2  i  nt  thr-  faviMui  had  a  h-ss  yronounc^^d 

effect  on  th.e  cat^dvtic  activity  (23-fold  less  active'  than  th.e 
substitution  of  the  residues  and  that 

are  located  closer  to  the  catalytic  site  (Table  I).  The  adenine 
release  assays  were  also  consistent  with  the  protein  synthesis 
inhibition  assay  results  (Table  I). 

We  next  examined  whether  there  was  deadenylation  of  ribo- 
somal  RNA  (rabbit)  by  the  catalytic  site  mutants  or  active 
center  cleft  mutants.  The  rabbit  rRNA  depurination  was  deter¬ 
mined  by  treating  the  ribosomes  with  wild-type  or  mutant 
proteins  and  subsequent  purification  of  the  rRNA  and  cleavage 
with  aniline.  Because  aniline  cleaves  the  sugar-phosphate 
backbone  of  RNA  at  depurination  sites,  the  release  of  frag- 


Fig.  8.  In  vitro  depurination  of  ribosomal  RNA  by  wild-type 
and  mutant  recombinant  PAP  proteins.  A,  total  rRNA  extracted 
from  rPAP-tJVHtod  rabbil  rihosonics.  tronted  with  aniline,  separated  by 
()■/;  uroa/polyacrylamidc  fr<'l,  and  stained  wit'n  cOndium  bromide.  The 
arrow  shows  the  fragment  split  by  aniline.  B-D,  23  S  and  16  S  rRNA  (5 
/xg)  from  E.  coli  was  incubated  with  the  test  proteins  (2.5  pig  for  B  and 
25  p-g  for  C  and  D),  treated  with  aniline,  separated  on  a  6%  urea/ 
polyacrylamide  gel,  and  stained  wdth  ethidium  bromide.  The  arrows 
show  the  fragments  split  by  aniline.  B,  mutants  furthest  from  the  active 
site.  C,  mutants  that  are  less  active.  D,  mutants  with  substantially 
reduced  activity.  Con,  control  ribosome  incubated  with  bovine  serum 
albumin,  instead  of  PAP,  and  treated  with  aniline;  Af,  molecular  mass 
marker  positions  (in  kDa);  WT,  wild  type. 


merits  from  aniline-treated  RNA  is  indicative  of  depurination. 
Our  results  indicated  that  neither  the  catalytic  site  mutants 
nor  the  active  site  cleft  mutants  have  deadcnylatcd  the  rRNA 
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(Fig.  a4). 

The  ribosomal  RNA  depurination  activity  was  also  deter¬ 
mined  by  treatment  of  E.  coli  16  S  and  23  S  ribosomal  RNA 
with  wild-type  and  mutant  proteins  and  subsequent  cleavage  of 
the  treated  RNA  with  aniline.  Treatment  of  the  naked  rRNA  (2 
/xg)  with  2.5  ftg  of  either  the  wild-type  or  the  enzymatically 
active  mutant  proteins  (FLP-1,  FPL-8,  and  FLP-10)  has  re¬ 
leased  an  RNA  fragment  of  «240  nucleotides  (Fig.  8R), 
whereas  the  less  active  mutants,  FLP-2  and  FLP-3,  required  a 
10-fold  higher  amount  of  protein  (25  pg)  to  release  the  240- 
nucleotide  RNA  fragment  (Fig.  80.  On  the  other  hand,  the 
mutants  that  substantially  reduced  the  deadenylation  activity 
(FLP-5,  FLP-7,  FLP-9,  FLP-11,  and  FLP-13)  did  not  release  the 
fragment  even  at  25  /xg/ml  concentration  of  the  mutant  pro¬ 
teins  (Fig.  8D).  These  results  are  in  agreement  with  the  data 
obtained  from  adenine  release  assays  and  protein  synthesis 
inhibition  assays. 

In  summary,  we  employed  molecular  modeling  studies  using 
our  model  of  PAP-RNA  complexes  and  site-directed  mutagen¬ 
esis  combined  with  bioassays  to  evaluate  the  importance  of  the 
residues  at  the  catalytic  site  and  a  putative  RNA  binding  active 
center  cleft  between  the  catalytic  site  and  C-terminal  domain 
for  the  enzymatic  deadenylation  of  ribosomal  RNA  by  PAP.  Our 
findings  presented  herein  provide  unprecedented  experimental 
evidence  that  in  addition  to  the  catalytic  site  residues,  the 
conserved  charged  and  polar  side  chains  located  at  the  active 
site  cleft  of  PAP  also  play  a  critical  role  in  the  catalytic  removal 
of  the  adenine  base  from  target  ribosomal  RNA  substrates. 
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ton,  Rebecca  S.  Larue,  Dawn  M.  Dahlke,  and  Dina  Clementson  for 
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Modeling  studies,  combined  with  the  molecular 
docking  of  the  trinucleotide  6GG  into  the  active  site  of 
the  deadenylating  RNA  iV-glycosidase  pokeweed  anti¬ 
viral  protein  (PAP),  indicated  that  a  guanine  base  can 
fit  into  the  active  site  pocket  of  PAP  without  disturb¬ 
ing  its  unique  geometry  and  is  sandwiched  between 
residues  Tyr^*  and  Tyr‘“  very  much  like  an  adenine 
base.  The  guanine  base  can  form  two  specific  hydro¬ 
gen  bonds  with  the  active  site  residues  Ser**^  and  Val” 
and  the  attached  negatively  charged  phosphate  groups 
can  entertain  stabilizing  electrostatic  interactions 
with  two  clusters  of  positively  charged  patches  on  the 
PAP  surface  formed  by  Lys®*®  and  Arg'™  from  one  side 
and  Arg^“  and  Arg^*®  from  the  other  side  of  the  active 
site.  These  observations  prompted  the  hypothesis  that 
the  RNA  depurinating  activity  of  PAP  may  not  be  re¬ 
stricted  to  adenine  residues  and  PAP  should  be  capa¬ 
ble  of  deguanylating  ribosomal  and  viral  RNA  as  well. 
This  hypothesis  was  experimentally  confirmed  by  di¬ 
rect  demonstration  that  guanine  base  is  released  from 
both  ribosomal  and  HIV-1  RNA  after  treatment  with 
purified  recombinant  PAP  using  quantitative  high 
performance  liquid  chromatography.  Recombinant 
PAP  released  adenine  and  guanine  residues  at  a  1:1 
ratio  from  HIV-1  RNA  and  at  an  approximately  3:1 
(adenine:guanine)  ratio  from  Escherichia  coli  ribo¬ 
somal  RNA.  At  a  concentration  of  5  /aM,  recombinant 
PAP  released  263  ±  10  pmol  of  adenine  and  100  ±  11 
pmol  of  guanine  from  1  pg  of  E,  coli  ribosomal  RNA 
U6S  +  23S)  within  4  h  of  treatment.  By  comparison, 
138  ±  12  pmol  of  adenine  and  143  ±  10  pmol  of  guanine 
were  released  from  1  pg  of  HIV-1  RNA  imder  identical 
treatment  conditions  (5  pM  recombinant  PAP,  4  h 
treatment).  The  deguanylation  of  the  ribosomal  and 
viral  RNA  targets  by  recombinant  PAP  was  concen¬ 
tration-dependent  and  is  abolished  by  alanine  substi¬ 
tutions  of  the  catalytic  active  site  residues  Tyr”  and 
Tyr^^.  To  our  knowledge,  these  findings  provide  the 

^  To  whom  correspondence  should  be  addressed  at  Hughes  Insti¬ 
tute,  2665  Long  L£^e  Road,  Roseville,  MN  55113.  Fax:  (651)  697- 
1057.  E-mail:  fatih_uckim@ih.org. 


first  evidence  that  PAP  can  deguanylate  both  ribo¬ 
somal  and  viral  RNA.  O  1999  Academic  Frees 
Key  Words:  RNA;  HIV;  deguanylation;  pokeweed 
antiviral  protein. 


Pokeweed  antiviral  protein  (PAP)  is  a  naturally  oc¬ 
curring  single-chain  ribosome-inactivating  protein  (RIP) 
isolated  from  the  leaves  of  the  pokeweed  plant,  Phyto¬ 
lacca  americana  (1,  2).  PAP  has  been  reported  to  act  as 
a  site-specific  RNA  AT-glycosidase  which  catalytically 
removes  a  single  adenine  base  from  a  highly  conserved 
“a-sarcin/ricin  (SR)”  loop  of  the  large  ribosomal  (r) 
RNA  species  in  eukaryotic  (28S  rRNA)  and  prokaryotic 
(23S  rRNA)  ribosomes  (3,  4).  This  catalytic  depurina- 
tion  of  the  SR  loop  results  in  irreversible  inhibition  of 
protein  synthesis  at  the  translocation  step  by  impair¬ 
ing  both  the  elongation  factor  (EF)- 1-dependent  bind¬ 
ing  of  aminoacyl-tRNA  and  the  GTP-dependent  bind¬ 
ing  of  EF-2  to  the  affected  ribosome  (5).  L3,  a  highly 
conserved  ribosomal  protein  at  the  peptidyltransferase 
center,  may  provide  a  binding  site  for  PAP,  allowing 
depurination  of  the  target  adenine  in  its  rRNA  sub¬ 
strate  (6).  The  X-ray  crystallographic  structure  of  PAP 
reveals  a  protein  composed  of  eight  alpha  helices  and  a 
beta  sheet  consisting  of  six  strands  (7,  8).  Sequence 
alignment  of  PAP  with  the  A  chain  of  ricin  (RTA),  a 
type-2  RIP,  revealed  considerable  similarity  and  iden¬ 
tified  a  number  of  highly  conserved  residues  (active 
site  residues).  This  highly  comparable  structural  topol¬ 
ogy  between  PAP  and  ricin  A-chain  suggests  a  similar 
mechanism  of  rRNA  depurination  (1).  However,  PAP 
has  recently  been  shown  to  efficiently  depurinate  ade¬ 
nine-containing  polynucleotides  (9),  single-stranded  DNA 
(10),  viral  RNAs  (11)  and  double-stranded  DNA  (12), 
suggesting  that  the  deadenylating  activity  of  PAP  is 
not  restricted  to  the  SR  loop  of  rRNA. 

Unlike  ricin  A  chain,  PAP  exhibits  a  broad  spectrum 
antiviral  activity  against  plant  and  animal  viruses, 
including  poliovirus  (13),  herpes  simplex  virus  (14), 
influenza  virus  (15),  C5d;omegalovirus  (16),  and  human 
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FIG.  1.  Putative  binding  mode  of  GrGG  with  PAP.  The  analysis  of  the  crystal  structure  of  PAP  revealed  an  active  site  region  located  in 
the  midsection  of  the  long  concave  binding  region.  The  stick  molecular  model  represents  a  RNA  trinucleotide  GGG  that  was  docked  into  the 
binding  site  by  computer  simulation.  The  figure  was  drawn  using  GRASP  (25). 


immunodeficiency  virus  (HIV)-l  (17).  The  molecxilar 
mechanism  of  the  antiviral  activity  of  PAP  is  under 
active  investigation  (18-20).  PAP  can  effectively  in¬ 
hibit  viral  replication  at  concentrations  which  do  not 
inhibit  the  protein  synthesis  of  host  cells  (17,  21).  PAP 
conjugates  of  monoclonal  antibodies  recognizing  CD4, 
CDS  or  CD7  antigens  on  the  cell  surface  effectively 
inhibit  HIV-1  replication  in  normal  T-cells  at  noncyto- 
toxic  concentrations  (17,  22).  Thus,  the  antiviral  activ¬ 
ity  of  PAP,  especially  its  anti-HIV  activity,  cannot  be 
sufficiently  explained  by  its  RIP  activity.  Furthermore, 
three  different  PAP  species  from  Phytolacca  americana 
(PAP-I  from  spring  leaves,  PAP-II  from  early  summer 
leaves,  and  PAP-III  from  late  summer  leaves)  cause 
concentration-dependent  depurmation  of  genomic  RNA 
purified  from  HIV-1  as  well  as  tobacco  mosaicvirus 
(TMV)  RNA,  and  bacteriophage  (MS  2)  RNA  (11).  In 
contrast  to  the  three  PAP  isoforms,  the  A  chain  of  ricin 
(RTA)  failed  to  cause  detectable  depurination  of  viral 
RNA,  although  it  was  almost  as  effective  as  PAP  in 
inhibiting  protein  s3aithesis  in  cell-free  translation  as¬ 
says.  PAP-I,  PAP-II,  and  PAP-III  (but  not  RTA)  inhib¬ 


ited  the  replication  of  HIV-1  in  human  peripheral  blood 
mononuclear  cells  at  nanomolar  concentrations  (11). 
These  findings  indicate  that  the  highly  conserved  ac¬ 
tive  site  residues  responsible  for  the  depurination  of 
rRNA  by  PAP  or  RTA  are  not  sufficient  for  the  recog¬ 
nition  and  depurination  of  viral  RNA. 

We  now  report  the  results  of  our  modeling  studies  of 
PAP  which  uniquely  indicated  that  the  RNA  depuri- 
nating  activity  of  PAP  may  not  be  restricted  to  adenine 
residues  and  PAP  should  be  capable  of  deguanylating 
ribosomal  and  viral  RNA  as  well.  This  hypothesis  was 
experimentally  confirmed  by  direct  demonstration  of 
guanine  base  released  from  both  ribosomal  and  HIV-l 
RNA  after  treatment  with  purified  recombinant  PAP 
using  quantitative  high  performance  liquid  chromatog¬ 
raphy.  The  deguanylation  of  ribosomal  as  well  as  viral 
RNA  targets  by  recombinant  PAP  was  concentration- 
dependent  and  is  abolished  by  alanine  substitutions  of 
the  catal3rtic  active  site  residues  Tyr’^  and  Tyr^“.  To 
our  knowledge,  these  findings  provide  the  first  evi¬ 
dence  that  PAP  can  deguanylate  both  ribosomal  and 
viral  RNA. 
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FIG.  2.  Stereo  view  of  the  superimposition  of  computer-modeled  PAP  complex  with  GGG  and  X-ray  structure  of  PAP  complexed  with 
formycin  (7).  Our  modeled  PAP  complex  is  drawn  in  color  with  GGG  in  thicker  lines.  PAP  complexed  with  formycin  is  drawn  in  black.  Active 
site  residues  are  labeled. 


MATERIALS  AND  METHODS 

Materials.  Adenine  and  guanine  were  purchased  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  Escherichia  coli  rRNA  (16S  and  23S 
ribosomal  RNA)  was  purchased  from  Boehringer  Mannheim  (India¬ 
napolis,  IN).  The  HPLC-based  guanine  detection  system  consisted  of 
a  Hewlett  Packard  (HP)  series  1100  (Hewlett  Packard,  Palo  Alto, 
CA)  in  copjunction  with  a  quaternary  pump,  an  autosampler,  an  auto 
electronic  degasser,  an  automatic  thermostatic  column  compart¬ 
ment,  diode  array  detector  and  a  computer  with  a  Chemstation 
software  program  for  data  analysis. 

Modeling  studies.  The  molecular  docking  of  ligands  and  estima¬ 
tion  of  the  interaction  scores  were  performed  using  a  Fixed  Docking 
procedure  in  the  Affinity  program  within  the  Insightll  modeling 
software  [Insightll  User  Guide,  San  Diego:  MSI,  19961.  The  position 
of  the  adenine  base  in  the  PAP  active  site  (PDB  access  code  IQCI) 
was  used  as  a  guide  to  where  the  central  guanine  base  of  GGG  should 
be  placed  (8).  All  major  steric  interference  with  protein  was  removed 
by  manually  adjusting  the  torsion  angles  of  the  phosphate  backbone. 
Both  end  guaninosines  were  placed  along  the  central  part  of  the 
concave  region  of  the  PAP  surface.  This  general  position  of  G(]rG  in 
the  active  site  of  PAP  was  then  used  for  further  modeling  studies.  We 
created  a  definitive  binding  set  of  PAP  residues  in  the  active  site 
pocket  to  move  as  a  3.5  A  shell  around  the  manually  docked  ligand 
during  the  energy  minimization.  The  number  of  final  docking  posi¬ 
tions  was  set  to  10,  although  finally  only  2-4  promising  positions 
were  identified.  The  calculations  used  a  CVFF  force-field  in  the 
Discovery  program  and  a  Monte  Carlo  strategy  in  the  Affinity  pro¬ 
gram.  Each  energy-minimized  final  docking  position  of  the  ligand 
was  evaluated  using  the  interactive  score  function  in  the  Ludi  mod¬ 
ule.  Ludi  score  includes  contribution  of  the  loss  of  translational  and 
rotational  entropy  of  the  fragment,  number  and  quality  of  hydrogen 


bonds  and  contributions  from  ionic  and  lipophilic  interactions  to  the 
binding  energy. 

Expression  and  purification  of  recombinant  wildtype  and  mutant 
PAP.  The  expression  vector  for  recombinant  wild-type  PAP  (PBS- 
PAP)  was  obtained  by  subcloning  the  PAPd  gene  (amino  acids  22 
to  313)  into  the  pBluescript  SK-expression  vector  (23).  Uracil- 
containing  template  of  the  PAP  gene  was  obtained  by  transforming 
E.  coli  CJ236  with  the  recombinant  plasmid  PBS-PAP.  The  oligonu¬ 
cleotides  used  for  site-directed  mutagenesis  were  synthesized  by 
Biosynthesis  Inc.  (Lewisville,  TX).  Site-directed  mutagenesis  proce¬ 
dure  for  alanine  substitutions  of  the  catalytic  active  site  residues 
Tyr72  71^72)  '""AA'"')  was  as  de¬ 

scribed  in  the  manufacturers  manual  (Mutagene  M13  In  vitro  Mu¬ 
tagenesis  Kit;  Bio-Rad,  Hercules,  CA).  DNA  sequencing  was  carried 
out  by  the  method  of  Sanger  et  al  (24)  following  the  manufacturer’s 
(U.S.  Biochemical  Corp.  Cleveland,  OH)  instructions.  Fine  chemicals 
and  restrictions  enzymes  were  purchased  firom  Roche  Molecular 
Biochemicals  (Indianapolis,  IN).  Wild-type  and  mutant  PAP  proteins 
were  expressed  in  E.  coli  MV1190  as  inclusion  bodies,  isolated, 
solubilized  and  refolded  as  described  previously  (23).  The  refolded 
proteins  were  analyzed  by  sodium  dodecyl  sulfate— 12%  polyacryl¬ 
amide  gel  electrophoresis  (SDS-12%  PAGE).  Protein  concentrations 
were  estimated  from  the  gel  using  bovine  serum  albumin  as  a  stan¬ 
dard.  The  protein  samples  were  resolved  on  a  SDS-12%  PAGE  and 
transfered  onto  a  polyvinylident  difluoride  membrane  (Bio-Rad)  us¬ 
ing  Bio-Rad  trans-blot  apparatus,  as  described  previously  (23).  The 
membrane  was  immunoblotted  using  rabbit  anti-PAP  serum  (1:2000 
dilution)  and  horseradish  peroxidase-conjugated  goat  anti-rabbit 
IgG  (Sigma  Chemical  Co.)  as  the  fiirst  and  second  antibodies,  respec¬ 
tively.  The  blot  was  developed  using  3,3'-diaminobenzidine  (Sigma) 
as  the  colorimetric  indicator  for  peroxidase  activity.  All  mutant  PAP 
proteins  as  well  as  wild-type  PAP  were  immimoreactive  with  the 
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anti-PAP  serum  and  were  stable  under  our  solubilization  and  refold¬ 
ing  conditions.  We  have  previously  shown  that  the  ribosome  depuri- 
nating  in  vitro  N-glycosidase  activity  (ICm  =  10  ±  4  ng/mL)  and 
ceUular  anti-HIV  activity  of  (IC50  =  500  ±  100  ng/mL)  recombinant 
wild-type  PAP  are  comparable  to  those  of  the  native  PAP  (23).  The 
active  site  mutants  of  PAP  (''AA^'  and  '“AA'^)  did  not  exhibit 
detectable  iV-glycosidase  or  anti-HIV  activity  even  at  concentrations 
as  high  as  10,000  ng/ml  (data  not  shown). 

Isolation  of  HIV-1  RNA  Human  peripheral  blood  mononuclear 
cells  (PBMCs)  were  obtained  from  HIV-1  negative  donors  and  were 
infected  (30  x  10®  cells)  with  the  HIV-1  strain  HTLVum  at  a  multi¬ 
plicity  of  infection  (MOD  of  0.1,  as  previously  described  (11),  The 
isolation  of  the  total  genomic  RNA  of  HTV-l  was  performed,  as 
described  previously  (11).  In  brief,  after  13  days  of  infection,  100  ml 
of  the  culture  were  removed  and  centrifuged  at  10,00Qg  for  5  min. 
The  supernatant  was  filtered  through  a  0.22  /Lcm  filter,  mixed  with  50 
ml  of  the  virus  precipitation  buffer  (30%  PEG  8000, 0.4  M  NaCl)  and 
incubated  for  3  h  at  4*’C.  The  sample  was  centrifuged  at  15,000  rpm 
for  30  min  and  the  pellet  was  resuspended  in  4  ml  of  urea  lysis  buffer 
(7  M  urea,  2%  SDS,  0.35  M  NaCl,  0.001  M  EDTA,  0.01  M  Tris,  pH 
8.0).  The  sample  was  diluted  with  4  ml  of  RNase-free  water,  ex¬ 
tracted  with  phenohchlorofonn  (24:24)  and  precipitated  with  et^- 
nol.  The  RNA  pellet  was  resuspended  in  0.5  ml  DNase  digestion 
buffer  (0.005  M  MgCL,  0.01  M  Tris,  pH  7.4)  and  treated  with  50  U  of 
RNase-free  DNase  for  30  min  at  37®C.  The  RNA  was  extracted  with 
phenohchlorofonn,  precipitated  with  ethanol  and  resuspended  in  500 
fil  RNase  free  water  and  stored  at  -20®C, 

Depurination  assays.  Release  of  adenine/guanine  from  RNA  sub¬ 
strates  was  determined  using  a  reverse-phase  Lichrospher  100, 
RP-18  analytical  column  (Hawlett-Pakard,  5  mm  particle  size,  250  X 
4  mm).  HPLC  running  buffer  (50  mM  NH4C2H3O2,  5%  methanol,  pH 
5.0)  was  used  as  the  mobile  phase.  The  mobile  phase  was  degassed 
automatically  by  the  electronic  degasser  system.  The  column  was 
equilibrated  and  eluted  imder  isocratic  conditions  at  a  flow  rate  of  1.0 
ml/min.  RNA  samples  (2  fig)  were  incubated  with  increasing  concen¬ 
trations  (1.0,  2.5,  5.0  and  10  pM)  of  recombinant  PAP  for  4  h  at  37®C 
in  50  pi  of  binding  buffer  (25  mM  Tris  •  HCl,  pH  7.8,  10  mM  KCl,  5 
mM  MgCL,  2%  glycerol).  The  reaction  was  stopped  by  adding  100  pi 
of  HPLC  running  buffer  and  100  pi  of  the  sample  was  injected 
automatically  into  the  Lichrospher  100RP-18E  column.  The  detector 
wavelength  was  set  at  260  nm  and  the  flow  rate  was  maintained  at 
1  ml/min.  Control  samples  containing  imtreated  HIV-1  RNA  (2  pg) 
and  recombinant  PAP  (10  ^iM)  without  viral  RNA  were  also  ana¬ 
lyzed.  Calibration  curves  fin*  adenine  and  guanine  were  generated  to 
confirm  the  linear  relationship  between  the  absolute  peak  area  md 
the  quantities  of  adenine/guanine  in  the  tested  samples.  Adenine/ 
guanine  (50  pi)  at  final  concentration  of  0,5, 1.0,  2.5,  5,0  and  10.0  /iM 
(25,  50, 125,  250,  and  500  pmol,  respectively),  was  injected  to  HPLC 
s5rstem  for  analysis  and  the  calibration  curves  were  generated  by 
plotting  the  absolute  peak  area  (mAu)  against  the  quantities  of 
adenine/guanine.  Unweighted  linear  regression  analysis  of  the  cali¬ 
bration  curve  was  performed  by  using  the  CA-Cricket  graph  III 
computer  program,  version  1.1  (Computer  Association,  Inc.,  Islandia, 
NY).  To  evaluate  the  intra-assay  accuracy  and  precision,  the  stan¬ 
dard  samples  (0.5  and  2.5  juiM)  were  prepared  and  analyzed  as 
described  previously  (11).  The  inter-assay  accuracy  was  calculated  as 
the  mean  ratio  of  the  calculated  quantities  over  the  known  quantities 
from  3  independent  experiments  and  the  inter-assay  precision  was 
estimated  by  determining  the  mean  coefficient  of  variation  from  3 
independent  experiments. 

Under  the  described  chromatographic  conditions,  the  retention 
times  for  guanine  and  adenine  were  3.8  and  7.1  min,  respectively.  At 
this  retention  time,  adenine  and  guanine  were  eluted  without  an 
interference  peak  from  the  blank  control.  The  calibration  curve  for 
guanine  was  linear  between  5  and  250  pmol  and  could  be  described 
by  the  regression  equation:  Y  =  2A07X  +  1.518  (r  =  0.999),  where  Y 
is  the  amount  of  adenine  recovered  in  pmol  and  X  is  the  absolute 
peak  area.  The  lowest  limit  of  detection  of  guanine  was  3.0  pmol  at 


Time  (min.) 

FIG.  3.  HPLC-based  detection  of  guanine  released  from  HIV-1 
RNA  by  recombinant  PAP.  (A)  Chromatogram  of  guanine  standard 
showing  peak  area  and  elution  time.  Inset:  Standard  curve  of  gua¬ 
nine  standards.  (B)  Representative  chromatogram  of  guanine  release 
from  HIV-1  RNA  after  treatment  with  increasing  concentrations  of 
recombinant  PAP.  Experimental  conditions  are  described  imder  Ma¬ 
terials  and  Methods.  No  PAP,  control  sample  contain  untreated 
HIV-I  RNA  (2  pg).  No  RNA,  control  sample  contain  rPAP  (10  p.g) 
without  HIV-I  RNA. 


a  signal  to  noise  ratio  of  *=^3.  The  intra-  and  interassay  coefficients  of 
variation  were  less  than  5%  for  both  the  adenine-  and  guanine- 
release  assays.  The  overall  intra-  and  interassay  accuracies  of  this 
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method  were  98.7  ±  1.7%  (N  =  3)  and  95.7  ±  3,3%  {N  =  3),  respec¬ 
tively  for  the  adenine  release  assays,  and  100.0  ±  2.8%  {N  =  3)  and 
100.0  ±  4.2%  {N  -  3),  respectively  for  the  guanine  release  assays. 

RESULTS  AND  DISCUSSION 

Modeling  studies  of  a  PAP-GGG  complex.  Com¬ 
puter  modeling  studies  used  an  atomic  model  of  PAP 
which  closely  corresponds  to  its  refined  X-ray  structure 
(PDB  code  IQCT),  combined  with  the  molecular  dock¬ 
ing  of  the  trinucleotide  GGG  into  the  active  site.  Our 
model  showed  that  the  central  guanine  base  can  fit  into 
the  active  site  pocket  of  PAP  without  disturbing 
its  unique  geometry  and  is  sandwiched  between  resi¬ 
dues  Tyr^^  and  Tyr^^  very  much  like  an  adenine  base 
(7,  8).  The  overall  orientation  of  the  docked  GGG  in  the 
active  site  of  PAP  is  shown  in  Fig.  1.  In  this  conforma¬ 
tion  the  guanine  base  has  two  hydrogen  bonds  with  the 
active  site  residues  Ser^^^  and  Val^^.  This  mode  of  gua¬ 
nine  base  binding  in  the  active  site  of  PAP  is  energet¬ 
ically  less  favorable  than  the  adenine  base  binding, 
where  four  hydrogen  bonds  were  observed.  There  are 
additional  stabilizing  electrostatic  interactions  be¬ 
tween  the  negatively  charged  phosphate  groups  and 
two  clusters  of  positively  charged  patches  on  the 
PAP  surface  formed  by  Lys^^°  and  Arg^^®  from  one 
side  and  Arg^^^  and  Arg^^^  from  the  other  side  of  the 
active  site.  Two  neighboring  guanines  close  to  the 
bound  guanine  do  not  have  any  strong  and  specific 
interactions  with  PAP.  Many  different  conformations 
for  first  and  third  guanines  were  observed  during  com¬ 
puter  simulation  with  nearly  the  same  interaction  en¬ 
ergy.  Our  model  demonstrated  that  the  PAP  has  no 
selectivity  towards  the  nucleotides  close  to  the  active  site. 

Figure  2  shows  a  superimposition  of  the  modeled 
PAP  complex  with  GGG  and  the  X-ray  structure  of 
PAP  with  bound  formycin.  Glu^^®  and  Arg^^®  are  be¬ 
lieved  to  be  involved  in  the  enzymatic  cleavage  of  the 
bond  between  adenine  base  and  sugar  in  adenine- 
containing  oligonucleotides  (7).  The  observed  confor¬ 
mation  of  the  active  site  residues  Glu^^®  and  Arg^’®  with 
nearly  the  same  spatial  position  as  in  other  PAP-ligand 
complexes  may  also  be  favorable  for  enz5rmatic  cleav¬ 
age  of  the  C — N  bond  in  guanine-containing  oligonu¬ 
cleotides.  It  is  conceivable  that  PAP  could  release  a 
guanine  base  from  the  oligonucleotide  targets  with  the 
help  of  Arg^^®  and  Glu^^®  upon  only  a  small  structure 
rearrangement  of  nearby  residues  of  the  active  site  in 
the  same  manner  it  releases  an  adenine  base.  Taken 
together,  these  observations  prompted  the  hypothesis 
that  the  RNA  depurinating  activity  of  PAP  may  not  be 
restricted  to  adenine  residues  and  PAP  should  be  ca¬ 
pable  of  deguanylating  ribosomal  and  viral  RNA  as  well. 

Depurination  of  E.  coli  rRNA  and  HIV-1  RNA  by 
recombinant  PAP.  We  next  sought  to  experimentally 
determine  if  PAP  can  deguanylate  RNA  targets  as 
implicated  by  our  modeling  studies.  To  this  end,  we 


w — - - 1 - - - 1 - - - 1 - - - 1 - - - 1 - - - 1 

0  1  2  3  4  5  6 

rPAP  Concentration  (|aM) 


FIG.  4.  Concentration-dependent  depurination  of  E.  coli  rRNA 
and  HIV-1  RNA  by  recombinant  PAP.  (A)  Adenine  release  after 
treatment  with  recombinant  PAP.  (B)  Guanine  release  after  treat¬ 
ment  with  recombinant  PAP.  Values  were  calculated  using  the  stan¬ 
dard  curve  for  adenine  and  guanine.  Lines  represent  the  linear 
regression  using  data  points  at  the  exponential  phase.  The  experi¬ 
mental  conditions  are  as  described  under  Materials  and  Methods. 


examined  the  depurination  of  ribosomal  (E.  coli)  and 
viral  (HIV-1)  RNA  by  recombinant  PAP  using  both 
adenine  and  guanine  release  assays  (Fig.  3).  Recombi¬ 
nant  PAP  released  adenine  and  guanine  residues  at  a 
1:1  ratio  from  HIV-1  RNA  and  at  an  approximately  3:1 
(adenine:guanine)  ratio  from  E.  coli  ribosomal  RNA.  At 
a  concentration  of  5  /xM,  recombinant  PAP  released 
263  ±  10  pmol  of  adenine  and  100  ±  11  pmol  of  gua¬ 
nine  from  1  /xg  of  E.  coli  ribosomal  RNA  (16S  +  23S) 
within  4  h  of  treatment  (Fig.  4,  Table  1).  By  compari¬ 
son,  138  ±  12  pmol  of  adenine  and  143  ±  10  pmol  of 
guanine  were  released  from  1  /xg  of  HIV-1  RNA  under 
identical  treatment  conditions  (5  /xM  recombinant 
PAP,  4  h  treatment)  (Fig.  4,  Table  li  The  deguanyla- 
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TABLE  1 

Depurination  of  E.  coli  rRNA  and  HIV-1  RNA 
by  Recombinant  PAP 


Purines  released 
(pmol//Ltg  RNA)“ 

Protein 

RNA 

Adenine 

Guanine 

rPAP,  WT 

E.  coli 

263  ±  10 

100  ±  11 

HIV-I 

138  ±  12 

143  ±  10 

rPAP,  ’‘AA” 

E.  coli 

9  ±  2 

6  ±  1 

HIV-I 

UD"^ 

UD 

rPAP,  ‘“AA*^ 

E.  coli 

10  ±  2 

5  ±  1 

HIV-I 

UD 

UD 

®  The  values  were  calculated  from  the  linear  regression  analysis  of 
the  dose-dependent  depurination  curves  (Figs.  4A  and  B)  for  a  rPAP 
concentration  of  5  /iM.  Each  value  is  the  mean  i  SD  of  three 
experiments. 

*  UD,  undetectable. 


tion  of  the  ribosomal  and  viral  RNA  targets  by  recom¬ 
binant  PAP  was  concentration-dependent  and  is  nearly 
abolished  by  alanine  substitutions  of  the  catalytic  ac¬ 
tive  site  residues  Tyr’^  or  Tyr^^^  (Table  1). 

To  our  knowledge,  these  findings  provide  the  first 
evidence  that  PAP  can  deguanylate  both  ribosomal  and 
viral  RNA.  Our  modeling  studies  of  PAP  complex  with 
GGG  had  indicated  that  the  guanine  base  interactions 
in  the  active  site  and  phosphate  backbone  are  the  main 
contributors  to  the  binding  of  GGG  fragment  by  PAP. 
The  model  of  PAP-GGG  complex  does  not  show  any 
base  specific  contacts  for  end-points  guanine  bases 
with  PAP  residues,  thereby  providing  PAP  with  a  flex¬ 
ibility  for  depurinating  multiple  purine-containing  oU- 
gonucleotide  substrates  without  a  limiting  selectivity 
towards  the  closest  nucleotide  residues.  While  extend¬ 
ing  our  recent  structural  and  biochemical  studies  of 
PAP  (8, 11),  the  present  study  prompts  the  hypothesis 
that  the  potent  anti-HIV  activity  of  PAP  may  in  part  be 
due  to  the  previously  unknown  deguanylating  activity 
of  PAP  on  viral  RNA. 
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Pokeweed  antivind  protein  (PAPI  from  ■>' 

the  pokeweed  plant,  Phytolacca  americana,  is  a  natu- 
rally  occurring  single-chain  ribosome-inactivatmg 
protein,  which  catalytically  inactivates  both  prokary¬ 
otic  and  eukaryotic  ribosomes.  The  therapeu  ic  P°  ® 
tial  of  PAP  has  gained  considerable  interest  in  recent 
‘  ears  du«o  the  clinical  n.e  of  native  PAP  as  the  act.v. 
moiety  of  immunoconingate.  again,  cancer  and 
AIDS.  The  clinical  use  of  native  PAP  is  limite  ue 
inherent  difficulties  in  obtaining  sufficient  quantities 
of  a  homogenously  pure  and  active  PAP  preparation 
with  minimal  batch  to  batch  variability  from  nat  - 
ral  source.  Previous  methods  for  expression  of  recom¬ 
binant  PAP  in  yeast,  transgenic  plants  and  Escfte- 
richio  coli  have  resulted  in  either  unacceptably  low 
yields  or  were  too  toxic  to  the  host  system.  Here,  we 
report  a  successful  strategy  which  allows 
expression  of  PAP  as  inclusion  bodies  in  ^  ^ 

fication  of  refolded  recombinant  protein  from  solubi 
lizml  inclMion  bodies  by  sirmexclosion 
phy  yielded  biologically  active  recombinant  P (fina 
?ield:  10  to  12  mg«.).  The  ribosome  depurinating  in 
litro  iV-glycosidase  activity  and  cellular  anti-HIV  ac¬ 
tivity  of  r  Jeombinant  PAP  were  comparable  to  those  of 
the  native  PAP.  This  expression  and  purification  sys¬ 
tem  makes  it  possible  to  obtain  sufficient 
biologically  active  and  homogenous  recombinant  PAP 
sufficient  to  carry  out  advanced  clinical  tria  s.  o  our 
l^wledge,  this  is  the  first  large-scale 
purification  of  biologically  active  recombinant  PAP 
from  E.  coli.  ®  ism  Academic  Press  _ 

Pokeweed  antiviral  protein  ^^^^e^sn^ing 

some-inactivating  protein  isolated  from  the  spr  g 


leaves  of  the  pokeweed  plant  Phytolacca 
(1)  The  primary  structure  of  PAP  is  composed 

amino  acids  (2).  during  posttranslationalmodifi^io  , 

22  amino  acids  (leader  sequence)  from  the  N-tennina 
end  and  29  amino  acid,  from  the  C-tcrmmal  end  of 
PAP  are  cleaved  leaving  a  mature  protein  of  262  ammo 

acids  with  a  final  molecular  weight  of 

kDa  (3)  The  X-rav  crystallographic  structure  of  PAP 

“  etlls  a  protem  imposed  ot  eight  a  heUces  and  a  (3 

<jhpet  consisting  of  six  strands  (3). 

PAP  is  a  site-specific  RNA  iV-glycosidase  that  enzy- 
mattcally  removes  a  single  adenine  base  (A4324)  from 

a  highly  conserved,  surface  exposed  “^gsTRNAl^and 
the  large  rRNA  species  in  eukaryotic  ^  rRNA)  d 
nrokarvotic  (23S  rRNA)  ribosomes  (4  5)  This  catalytic 
depurination  of  the  a-sarcin  loop,  which  i^s  positioned 
?n  immediate  vicinity  of  the  peptidyltransferase  center 
within  the  SOS  subunit  of  Escherichia  coli  ribosomes, 
impairs  the  interactions  between  f 

gaSon  factor  2  (EF-2),  resulting  in  irreversibly nhibi- 
protein  synthesis  at  the  EF-2-me*rted  ttam- 
location  step  (6-8).  Recent 
a  large  ribosomal  subuml  protein  m  the 
terase  center,  may  provide  a  receptor  site  for  W 
allowing  depurination  of  the  target  ademne 
Xtrate  (9).  Because  of  its  ability  to  ^rrev^fy 
Mbit  protein  synthesis,  PAP  has  W  target^ 
cer  cells  using  monoclonal  0^9 

containing  immunoconjugates  against  CD7  and  (.U19 
surface  antigens  on  leukemia  cells  have  shown  potent 
and  selectivf  antileukemic  activity  both  m  ^  in 
vivo  (11,12).  These  biotherapeutic  agents  resulted  in 
long-term  survival  of  SCID  mice  challenged  with  an 
otherwise  invariably  fatal  number 
cells  at  dose  levels  nontoxic  to  mice  or  cjmomolys 
monkeys  and  their  efficacy  is  currently  being  yalu- 
ated  in  clinical  trials  of  the  Children’s  Cancer  Group 
(13). 
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PAP  has  also  been  shown  to  effectively  inhibit  the 
replication  of  several  plant  and  animal  viruses  includ¬ 
ing  poliovirus  (14),  herpes  simplex  virus  (15),  cytomeg¬ 
alovirus  (16),  influenza  virus  (17),  and  human  immu¬ 
nodeficiency  virus  (HIV)-l  (18).  In  our  first  study  on 
the  anti-HIV  activity  of  PAP,  we  found  that  PAP  con¬ 
jugated  to  monoclonal  antibodies  recognizing  CD4, 
CDS,  or  CD7  antigens  effectively  inhibited  HIV-1  rep¬ 
lication  in  normal  CD4"  T-cells  infected  with  a  labora¬ 
tory  strain  of  HIV- 1,  as  well  as  in  activated  T-cells  from 
as}Tnptomatic  HIV-l-seropositive  donors  (18,19).  Pro¬ 
duction  of  p24  and  p55  gag  proteins  as  well  as  gpl60 
env  protein  in  CD4*  T-cells  was  inhibited  by  PAP  im- 
munoconjugates  at  picomolar  concentrations  that  did 
not  affect  (a)  in  vitro  hematopoietic  colony  formation  by 
normal  bone  marrow  progenitor  cells  or  (b)  prolifera¬ 
tion  and  CD4  antigen-linked  transmembrane  signaling 
of  T-cells  (18).  Notably,  HFV-l  protein  s^thesis  in 
infected  T-cells  was  at  least  3  log  more  sensitive  to  PAP 
immunoconjugates  than  was  protein  synthesis  neces¬ 
sary  for  T-cell  function  or  survival  (18).  In  a  subse¬ 
quent  study,  we  found  that  (a)  clinical  HIV-l  isolates 
are  >4  log  more  sensitive  to  PAP  immunoconjugates 
than  to  zidovudine,  and  (b)  replication  of  zidovudine- 


FIG.  1.  Effect  of  PAP  expression  on  the  growth  of  E.  coli.  UI, 
uninduced;  IN,  culture  induced  with  1  mM  IPTG  as  described  under 
Materials  and  Methods. 


1  2  3  4  ®  1  2  3  4 


FIG.  2.  (A)  Coomassie  blue-stained  SDS~12%  PAGE  gel  comparing 
the  expression  of  recombinant  PAP  in  soluble  and  insoluble  fractions 
of  E.  coli  cell  lysate.  (B)  Western  blot  analysis  of  the  E.  coli  fractions 
using  anti-PAP  antibody.  Lane  1,  molecular  mass  marker  positions; 
lane  2,  total  cell  lysate;  lane  3,  soluble  fraction;  lane  4,  insoluble 
fraction.  Each  lane  contained  5.0  /Ltg  of  protein. 


resistant  HIV-1  isolates  in  T-cells  is  effectively  inhib¬ 
ited  by  picomolar  concentrations  of  PAP  immunocon¬ 
jugates  that  are  not  toxic  to  lymphohematopoietic  cells 
including  the  normal  bone  marrow  progenitor  cell  pop 
ulations  CFU-GM,  BFU-E,  and  CFU-GEMM;  B-lympho- 
cyte  precursors/B-cells;  or  T-lymphocyte  precursors/T- 
cells  (18-20).  Notably,  PAP  immunoconjugates  showed 
marked  anti-HIV  activity  in  an  in  vivo  SCID  mouse 
model  of  human  AIDS  at  dose  levels  well  tolerated  by 
cynomolgus  monkeys  (19).  A  Phase  I  clinical  study  has 
been  initiated  to  evaluate  the  safety  and  anti-HIV  ac¬ 
tivity  of  our  anti-CD7  PAP  immunoconjugate  in  AIDS 
patients.  The  molecular  mechanism  of  the  antiviral 
activity  of  PAP  is  under  active  investigation.  Besides 
its  ability  to  inhibit  viral  protein  synthesis,  PAP  is  also 
capable  of  directly  depurinating  viral  RNA  (21).  Fur¬ 
thermore,  PAP  also  displays  viral  RNA-specific  effects 
in  vivo  and  has  been  shown  to  inhibit  ribosomal  frame- 
shifting  and  retrotransposition,  a  molecular  mecha¬ 
nism  used  by  many  RNA  viruses  to  produce  Gag-Pol 
fusion  proteins  (22). 

The  therapeutic  applications  of  PAP  both  as  an  antivi¬ 
ral  and  as  an  anticancer  agent  would  greatly  benefit 
from  a  large-scale  production  of  PAP  by  the  methods  of 
recombinant  DNA  technology.  Several  investigators 
have  attempted  to  express  the  full-length  or  N-termi- 
nal  truncated  PAP  gene  in  E.  coli.  However,  either  the 
expression  levels  of  PAP  in  those  experiments  were  too 
low  or  the  produced  recombinant  PAP  was  too  toxic  to 
the  host  system  (23,24).  Here,  we  report  the  first  si^- 
cessful  expression  of  the  PAP  gene,  devoid  of  the 
terminal  signal  peptide  (residues  1  to  22),  in  E.  co  i 
under  a  phage  T5  promoter  and  an  inducible  lac  oper 
ator.  The  recombinant  PAP,  which  accumulated  in  bac 
terial  cytoplasm  in  the  form  of  inclusion  bodies,  was 
solubilized  and  refolded  in  vitro.  The  biological  activi 
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FIG.  3.  Schematic  flow  chart  for  the  purification  of  recombinant  PAP  from  E.  coli  MV1190. 


lies  (i.e.,  rRNA-specific  AT-glycosidase  and  cellular  anti- 
HIV  activities)  of  the  purified  recombinant  PAP  were 
comparable  to  those  of  the  native  PAP  purified  from 
the  spring  leaves  of  P.  americcinci.  This  expression  and 
purification  system,  which  is  amenable  to  further 
3cale-up,  should  provide  sufficient  amounts  of  biologi¬ 
cally  active  and  homogenously  pure  recombinant  PAP 
i’or  clinical  use. 

VIATERIALS  AND  METHODS 

Construction  of  full-length  PAP  in  PQE-31.  The  iso¬ 
lation  and  sequencing  of  the  PAP  gene  was  previously 


reported  (25).  The  PAP  gene  was  cloned  into  the  K  coli 
expression  vector,  PQE-31  (Qiagen,  Santa  Clarita,  CA), 
as  follows:  The  PAP  gene  was  amplified  by  polymerase 
chain  reaction  (PCR)  using  the  following  primers  PAP- 
Bam  (5'CGCGGATCCAGTGAATACAATCATCTACA- 
ATGTTGGAAGTACC3'),  which  introduces  a  BamHI 
site  at  the  N-terminus,  and  PAP-H3  (5'GCCTCTTATT- 
TAAGCTTTATAATATAGTTGGAG3'),  which  introduces 
a  ifindlll  site  at  the  C-terminus.  The  gel-purified  PCR 
product  (930  bp)  was  digested  with  SamHI  and  ffind- 
III  restriction  enzymes  and  subcloned  into  the  PQE-31 
vector  (Qiagen)  treated  with  the  corresponding  enzymes. 
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TABLE  1 

Yield  of  Recombinant  PAP  at  Different 
Stages  of  Purification 


Fraction 

Protein  (mg/L) 

Percentage  of  total  protein 

Total  cell  lysate 

210  ±  9 

100 

Inclusion  bodies 

52  ±  5 

25 

CTAB  solubilized 

31  ±  2 

15 

pH  solubilized 

33  ±  2 

16 

After  refolding 

17  ±  3 

8 

After  gel  filtration 

10  ±  2 

5 

Note.  The  values  given  are  means  and  SEM  of  six  experiments. 


PQE-31  vector  contains  a  powerful  phage  T5  promoter 
(recognized  by  E.  coli  RNA  polymerase)  and  a  synthetic 
ribosome-binding  site.  Expression  is  controlled  through 
a  double  lac  operator  system  and  is  induced  by  addition 
of  IPTG.  The  final  construct  that  encodes  the  full- 
length  PAP  (amino  acids  22  to  313)  in  PQE-31  is  re¬ 
ferred  to  as  PQE-FLP.  Oligonucleotides  (25-30  nucle¬ 
otides  long)  with  BamHI  and  Hindlll  linkers  were 
synthesized  by  Biosynthesis  Inc  (Lewisville,  TX). 

Expression  and  purification  of  PAP  inclusion  bodies. 
The  E.  coli  strain,  MV1190,  was  transformed  with  plas¬ 
mid  PQE-FLP  and  the  transformants  were  selected  on 
LB  (Luria-Bertain)  agar  plates  containing  ampicillin 
(100  pg/ml).  An  Erlenmeyer  flask  containing  500  ml 
LB  broth  supplemented  with  100  p-g/ml  ampicillin  was 
inoculated  with  an  overnight  culture  (5  ml)  of  PQE- 
FLP-transformed  MV1190  and  cultured  under  vigor¬ 
ous  shaking  at  37°C.  Expression  of  recombinant  PAP 
was  induced  by  adding  1  mM  isopropylthiogalactoside 
(IPTG)  when  the  cells  reached  an  optical  density  of  0.6 
to  0.8  at  600  nm  and  the  incubation  was  continued  for 
an  additional  4  h.  Cells  were  harvested  by  centrifuga¬ 
tion  (10,000  rpm  for  10  min)  and  resuspended  in  25  ml 
lysis  buffer  (50  mM  Tris,  pH  8.0,  50  mM  EDTA,  15% 
sucrose)  containing  10  mg  lysozyme  (50,000  U/mg, 
Sigma  Chemical  Co.,  St  Louis,  MO).  The  cell  suspen¬ 
sion  was  incubated  for  2  h  at  37°C  with  gentle  shaking 
and  then  sonicated  with  a  Branson  ultrasonic  disinte¬ 
grator  (VWR  Scientific  Products,  Chicago,  ID  for  2-4 
min.  The  cell  lysate  was  centrifuged  at  15,000  rpm  for 
15  min  and  the  pellet  containing  the  inclusion  bodies 
was  washed  two  times  with  50  ml  of  wash  buffer  I  (0.5 
M  NaCl,  2%  Triton  X-100),  two  times  with  wash  buffer 
II  (0.5  M  NaCl),  and  two  times  with  distilled  water. 
The  pelleted  PAP  inclusion  bodies  were  resuspended  in 
10  ml  of  sterile  distilled  water  and  stored  at  4°C  until 
further  use. 

Solubilization  of  PAF -containing  E.  coli  inclusion 
bodies.  The  inclusion  bodies  were  centrifuged  at 
15,000  rpm  for  10  min.  The  pellet  was  solubilized  in  10 
ml  of  50  mM  Tris-HCl  (pH  8.0)  containing  an  appro¬ 


priate  concentration  (0.1  to  5%)  of  detergents  at  room 
temperature  overnight.  The  insoluble  material  was  re¬ 
moved  by  centrifugation  and  the  supernatant  was  di¬ 
alyzed  overnight  at  room  temperature  against  10  mM 
Tris  buffer  (pH  8.0).  After  dialysis,  the  samples  were 
centrifuged  at  15,000  rpm  for  15  min  to  remove  the 
precipitate,  if  any,  and  were  analyzed  on  a  SDS-12% 
polyacrylamide  gel  electrophoresis  (PAGE).  For  pH  sol¬ 
ubilization,  the  inclusion  bodies  were  suspended  in  5 
mM  K2HPO4,  pH  12,  to  a  final  volume  of  8  ml  and 
incubated  at  room  temperature  with  shaking  for  10 
min.  The  insoluble  proteins  were  removed  by  centrifu¬ 
gation  at  15,000  rpm  for  5  min.  The  soluble  fraction  of 
recombinant  (r)PAP  was  renatured  by  adding  20% 
glycerol  (final  concentration)  and  dialyzing  very  slowly 
in  4  L  of  5  mM  K2HPO4,  pH  8,  overnight.  The  dialyzed 
samples  were  loaded  onto  a  gel  filtration  column  (Su- 
perose  12  HR  10/30,  Pharmacia)  and  equilibrated  with 
20  mM  citric  acid,  pH  6.0,  at  a  flow  rate  of  0.3  ml/min. 
Fractions  of  1.0  ml  in  volume  were  collected  and  ana¬ 
lyzed  on  a  SDS-12%  PAGE.  Protein  concentrations 
were  determined  using  the  BCA  assay  system  (Pierce, 
Rockford,  ID  with  bovine  serum  albumin  as  a  stan¬ 
dard. 

Immunoblot  analysis  of  PAP  proteins.  The  protein 
samples  were  resolved  on  a  SDS-12%  PAGE  and  trans¬ 
ferred  onto  a  polyvinylidene  difluoride  membrane  us¬ 
ing  the  Bio-Rad  trans-blot  apparatus,  as  described 
(26).  The  membrane  was  immunoblotted  using  rabbit 
anti-PAP  antibody  (1:2000  dilution)  and  horseradish 

TABLE  2 

Comparison  of  the  Solubility  (%)  of  Recombinant  PAP 
Inclusion  Bodies  in  Different  Detergents 


Detergent  concentrations  (%) 


Solubilizing  agent 

0.5 

1.0 

2.5 

5.0 

Nonionic 

Triton  X-100 

0“ 

0 

0 

0 

Tween  20 

0 

0 

0 

0 

n-Octyl-glucopyranoside 

<10 

<10 

<10 

<10 

n  -Octyl-thioglucop5rr  anoside 

0 

<10 

<10 

<10 

Big  CHAP 

<10 

<10 

<10 

<10 

NP-40 

0 

0 

0 

0 

Chaps 

0 

0 

0 

0 

Zwitterionic 

Zwittergent  3-10 

<10 

<10 

<10 

<1U 

Ionic 

Cetyltrimethylammonium 

bromide  (CTAB) 

90 

90 

90 

BATC 

30 

50 

60 

60 

Lauroylsarcosine 

20 

50 

90 

>95 

pH 

9 

10 

11 

12 

pH  solubilization  (5  mM  K2HPO4) 

0 

15 

50 

>95 

**  Numbers  indicate  the  percentage  of  solubility. 


!7?h^  1  PAP  (rPAP).  (A)  Coomwwic  blue-steiaed  SDS-12%  PAGE  ffel  comparinK  the  yield 

of  pH  Bolubiliz^  rP^,  (B)J^4tera  blot  analysw  of  the  pH  aolubilucd  aamplefl  using  anti-PAP  antibody-  Lana  1,  moloisiilar  mass  marker 
position^  incluwon  bodias^  Une  3,  uicliuion  bodies  solubiliacd  with  pH  13  bqifen  lane  4  iiati?a  PAP  purifidd  from  Dokcwaed  fionniy 

“f  HR1(V80  eoluiiin  which  was  equiUbratad  with  20  mM  eitri«  odd,  pH  O.olot  &  flow  rate  of 

0  3  ml/mm.  (D)  CoomMie  hln^tainod  SDS-12%  PAGE  gel  eoraparing  the  yield  of  0.5%  CTAB  aolnbiliaed  Md  purified  rPAP.  (S)  Western 

antibody.  Lon.  1,  moleeulnr  memt,  nmdwr  porido^TlLe  2.  todt^on  l^e*- 

nPAP  ponfifid  from  pokeiwoed  spring  leaves.  Each  lane  contained  6.0  of  protein. 


peroxMase-coiyugated  goat  anti-rabbit  IgG  (Sigma 
Chemical  Co,)  as  the  first  and  second  antibodies,  re¬ 
spectively.  3,3'-DiaiQinobenzidiiie  was  used  as  the  col- 
orimelric  indicator  for  peroxidase  activity  (Sigma 
Chemical  Co.). 

Cell-free  translation  assays.  Varying  amounts  (0.01 
to  100  ng/ml)  of  recombinant  (pH  solubilised)  or  native 
(n)  PAP  were  added  to  the  tranelation  mixture  contain¬ 
ing;  10  /il  of  rabbit  reticulocyte  lysate  (Promega,  Mad¬ 
ison,  WI),  0.5  m1  of  ENasin,  1.0  pj  of  1  mM  amino  adds 
mixture  (minus  methionine),  and  1.0  m1  of  (®^]methi- 
onine  (10  mCi/ml,  Amersham,  Arlington  Heights,  IL). 
The  final  volume  was  adjusted  to  19  ji*l  with  RNase-free 
water.  The  reaction  mixture  was  incubated  for  16  min 
at  room  temperature.  Protein  translation  was  initiated 
by  adding  1.0  /il  of  1:8  diluted  lueiferaee  mRNA  (0.12 
Mg).  After  2  h  of  incubation  at  30*C,  10  m1  of  each 
reaction  mixture  was  resolved  by  SDS-PAGE  cn  a  10% 
SDS  gel,  dried,  and  autoradiographed.  Alternatively, 
the  incorporation  of  radioactive  label  into  protein  was 


determined  by  predpitating  the  synthesized  luciferase 
protein  (61  kDa)  with  5%  trichloroacetic  add  according 
to  the  mana&cturer's  instructions  (Promega).  A  mini¬ 
mum  often  concentrations  of  rPAP  or  nPAP  were  used 

for  calculation  of  the  IC^  (50%  inhibitory  concen¬ 
tration)  values.  The  ICgo  values  (from  predpitation 
assays)  were  calculated  by  nonlinear  regression  anal¬ 
ysis  (Prism-2  GraphTad  Software,  San  Diego,  CA)  us¬ 
ing  the  average  value  of  three  independent  experi¬ 
ments.  The  qjm  values  in  control  samples  with  all  the 
reagents  added  except  PAP  ranged  ^m  3.5  to  4.0  x 
10  cpmAnl  and  were  used  as  100%  incorporation  when 
determining  the  percentage  of  control  protein  synthe¬ 
sis  values  for  PAF-treated  samples. 

In  vitro  assays  of  antUHIV-1  ocftwfy.  The  anti- 
HIV-i  activities  of  nPAP  and  rPAP  (pH  solubilized) 
were  evaluated  by  determining  thdr  ability  to  inhibit 
the  replication  of  the  HlV-1  strain  HTLY-IIIB  in  nor- 
mal  human  peripheral  blood  mononudear  cells  from 
HIV-negative  donors,  as  previously  described  (20).  Per- 
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FIG.  5.  Ribosome  inhibitory  activity  of  recombinant  and  native 
PAP  in  in  vitro  rabbit  reticuloc>te  lysate  system.  Each  value  is  an 
average  of  three  experiments.  Protein  sjTithesis  was  measured  by 
[^^Sl methionine  incorporation  and  the  sample  with  all  the  reagents 
except  PAP  was  assigned  a  value  of  100^  incorporation.  (.Inset) 
luciferase  protein  s.vnthesized  in  the  presence  or  absence  of  native 
(nPAP)  and  recombinant  PAP  (rPAP).  Samples  were  resolved  on 
SDS-10%  PAGE  and  autoradiographed.  Numbers  at  the  top  indicate 
the  concentrations  of  PAP, 


centage  of  viral  inhibition  was  calculated  by  comparing 
the  mean  p24  antigen/reverse  transcriptase  (RT)  assay 
values  for  the  test  substance-treated  infected  cells  with 
the  p24/RT  values  for  untreated  infected  cells  (i.e., 
virus  controls).  The  IC50  values  were  calculated  by 
nonlinear  regression  analysis  (Prism-2  program)  using 
the  data  from  three  independent  experiments. 

Ribosomal  RNA  depurination  assay.  Ten  micro¬ 
grams  of  E.  coli  16S  and  23S  ribosomal  RNA  (Boehr- 
inger  Mannheim,  Indianapolis,  IN)  was  incubated  with 
increasing  concentrations  (0.5  to  5  pg)  of  either  rPAP 
(pH  solubilized)  or  nPAP  in  50  p\  (final  volume)  of 
binding  buffer  (25  mM  Hepes,  pH  7.8,  50  mM  KCl,  1.5 
mM  MgCU,  5%  glycerol)  at  30°C  for  30  min.  The  reac¬ 
tion  was  stopped  by  the  addition  of  SDS  (0.1%).  The 
RNA  was  extracted  \vith  phenolxhloroform  (24:24), 
precipitated  with  ethanol,  and  treated  with  20  pi  of  1 
M  anilin  acetate  (pH  4.5)  for  30  min  on  ice.  The  RNA 
was  precipitated  with  ethanol,  electrophoresed  in  a  4% 
urea/polyacrylamide  gel,  and  stained  with  ethidium 
bromide  as  previously  described  (9). 

RESULTS 

Expression  of  Recombinant  PAP  in  E.  coli 

The  PAP  gene  encoding  amino  acids  23  to  313  (pre- 
PAP)  was  cloned  into  PQE-31  vector  (PQE-FLP)  and 


expressed  in  E.  coli  MV1190  in  the  presence  of  IPTG. 
Since  PAP  inactivates  prokaryotic  and  eukaryotic  ribo¬ 
somes,  we  first  examined  the  inhibitory  effects  of  PAP 
on  the  growth  of  E.  coli.  Cultures  were  initiated  from 
overnight  precultures  and  the  growth,  with  and  with¬ 
out  the  presence  of  IPTG  in  the  medium,  was  moni¬ 
tored  by  measuring  at  Asoo-  In  our  experiments,  the 
expression  of  PAP  did  not  appear  to  have  any  effect  on 
the  growth  of  E.  coli,  since  the  cells  expressing  either 
the  PAP  gene  or  the  vector  alone  grew  similarly  in  the 
liquid  medium  (Fig.  1).  The  soluble  and  insoluble  frac¬ 
tions  of  total  E.  coli  cell  lysate  were  separated  by  cen¬ 
trifugation  and  resolved  by  SDS-PAGE  to  determine 
the  nature  of  PAP  expression  in  E.  coli  (Fig.  2A).  West¬ 
ern  blot  analysis  using  anti-PAP  antibody  revealed 
that  the  PAP  was  located  largely  in  the  insoluble  frac¬ 
tion,  suggesting  that  the  PAP  is  aggregated  as  insolu¬ 
ble  inclusion  bodies  in  the  cytoplasm  (Fig.  2B).  The 
overall  purification  scheme  of  inclusion  bodies  is  pre¬ 
sented  in  Fig.  3.  The  inclusion  body  fraction,  contain¬ 
ing  mainly  the  recombinant  PAP  (25-27%  of  total  pro¬ 
tein),  was  isolated  and  used  for  further  solubilization. 
The  yield  of  recombinant  PAP  at  various  steps  of  pu¬ 
rification  from  E.  coli  is  presented  in  Table  1. 

Solubilization,  Renaturation,  and  Purification  of 

Recombinant  PAP 

Solubilization  of  the  PAP  inclusion  bodies  was  ini¬ 
tially  attempted  using  nonionic,  zwitterionic,  and  ionic 
detergents.  The  results  presented  in  Table  2  indicate 
that  the  PAP  inclusion  bodies  were  not  soluble  in  non¬ 
ionic  detergents  such  as  Tween  20,  Triton  X-100, 
Chaps,  and  NP-40  and  poorly  soluble  (<10%)  in  n- 
octyl-glucopyranoside.  Big  CHAP,  and  Zwittergent 
3-10,  at  concentrations  up  to  5%.  In  contrast,  the  ionic 
detergents  CTAB  and  lauroylsarcosine  solubilized  the 
PAP  inclusion  bodies  efficiently  (Table  2).  Over  90%  of 
PAP  inclusion  body  proteins  were  solubilized  and  re- 


TABLE  3 

Potency  of  Native  and  Recombinant  PAP  in  Inhibiting 
Protein  Synthesis  and  HIV-1  Replication 


IC50  (|u.g/ml) 

Protein 

Anti-ribosome“ 

Anti-HIV  (p24)‘ 

Anti-HIV  (RT) 

nPAP 

rPAP 

0.010  ±  0.004 
0.013  ±  0.005 

0.4  ±  0.1 

0.5  ±  0.1 

0.5  i  0.2 

0.4  ±  0.2 

°  Anti-ribosome  activity  was  measured  by  rabbit  reticulocyte  ly 


sate  in  vitro  translation  assays.  . 

^  Anti-HIV  activity  was  determined  from  p24  viral  core  pro 

assays.  .  .  g 

"Anti-HIV  activity  was  determined  from  reverse  transcnpw 

(RT)  activity. 


RECOMBINANT  PAP 


365 


0  0.1  0.2  0.4  0.6  0.8  1  2.5  5  10  20 

Concentration  (jig/ml) 


FIG.  6.  (A)  Inhibition  of  HTLV-IIIB  (HIV-l)  replication  by  native  (nPAP)  and  recombinant  PAP  (rPAP).  The  percentage  of  inhibkion  was 
measured  using  HIV-1  mediated  production  of  p24  core  protein  as  a  marker.  The  p24  value  for  untreated  infected  cells  was  considered  as 
100%  infection.  Each  value  is  an  average  of  three  experiments.  (B)  Mean  values  of  concentration-dependent  inhibition  of  p24  production  in 
PBMC  infected  with  HIV-I.  (C)  Effect  of  nPAP  and  rPAP  on  HIV-I  replication  as  determined  by  viral-reverse  transcriptase  activity  as  a 
marker.  Percentage  of  viral  inhibition  is  calculated  by  comparing  cpm  from  PAP-treated  infected  cells  with  cpm  values  from  untreated 
infected  cells  (virus  control,  100%  infection)  and  untreated  noninfected  cells  (cells  control).  Each  value  is  an  average  of  three  experiments. 
(D)  Mean  values  of  dose-dependent  inhibition  of  HIV-RT  activity.  The  RT  activity  was  measured  by  radioenzyme  assay  and  the  resulting 
signals  were  detected  by  scintillation  counter  and  recorded  as  counts  per  minute  (cpm).  Results  were  normalized  to  values  obtamed  tor 
control  cultures  without  PAP. 


covered  by  CTAB  at  concentrations  as  low  as  0.5%, 
while  2.5%  of  lauroylsarcosine  was  required  to  solubi¬ 
lize  >90%  of  the  PAP  inclusion  body  proteins  (Table  2). 
The  solubilization  of  inclusion  bodies  was  also  achieved 
using  5  mM  K2HPO4  buffer,  pH  12,  without  any  deter¬ 
gents  (Table  2).  Refolding  of  the  soluble  PAP  was 
achieved  by  diluting  the  sample  with  glycerol  (20% 
final  concentration)  and  subsequently  dialyzing  in  pH 
8  buffer.  SDS-PAGE  analysis  of  inclusion  bodies  and 
solubilized  fractions  revealed  the  presence  of  a  major 
protein  with  the  estimated  molecular  mass  of  33  kDa 
I  Figs.  4A  and  4D).  The  PAP  constituted  approximately 
33%  of  the  solubilized  inclusion  body  proteins,  as  de¬ 
termined  by  integrated  density  measurements.  The 
Western  blot  analysis  showed  that  the  33  kDa  protein 
is  highly  reactive  with  the  anti-PAP  antibody  and  is 
very  stable  under  our  solubilization  conditions  (Figs. 
4B  and  4E).  The  solubilized  recombinant  PAP  was 


purified  using  Superose  12  HR  10/30  gel  filtration  col¬ 
umn  (Fig.  4C).  Recombinant  PAP  eluted  as  a  single 
peak  at  25  min.  Fractions  containing  PAP  were  iden¬ 
tified  by  SDS-PAGE/Western  blot  analysis,  pooled, 
and  concentrated  (Fig.  4C,  lane  4).  The  final  3rield  of  the 
recombinant  PAP  was  estimated  as  10-12  mg/L  cul¬ 
ture,  which  corresponds  to  approximately  5%  of  the 
total  E.  coli  cellular  protein  (Table  1). 

Biological  Activity  of  rPAP 

In  order  to  compare  the  enzymatic  N-glycosidase 
activities  of  nPAP  and  rPAP,  we  have  performed  in 
vitro  translation  assays  using  the  nuclease-treated 
rabbit  reticulocyte  lysate  system  (Promega).  In  this 
assay,  luciferase  mRNA  was  translated  in  the  absence 
or  presence  of  increasing  concentrations  of  PAP  (0.01  to 
100  ng/ml).  Luciferase  mRNA  was  selected  since  it 
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jncodes  a  monomeric  protein  of  61  kDa  and  yields  a 
single  major  band  upon  SDS— PAGE  (Fig.  5,  inset)  anal¬ 
ysis.  The  average  incorporation  of  without  PAP  was 
1.5  to  4.0  X  10'  cpm/ml.  As  shown  in  Fig.  5,  the  inhi¬ 
bition  cun."e  was  linear  in  the  range  of  2.0  to  20  ng/ml 
or  both  nPAP  and  rPAP.  The  IC^  values  for  nPAP  and 
•PAP  were  10  =  2  and  13  ±  2  ng/ml,  respectively 
Table  3).  Thus,  the  enzymatic  activity  of  nPAP  was 
.’irtually  identical  to  that  of  the  rPAP. 

We  next  compared  the  anti-HIV  activity  of  rPAP  to 
■hat  of  nPAP.  As  shown  in  Figs.  6 A  and  6C,  both  nPAP 
.ind  rPAP  inhibited  viral  replication  in  HTV-l-infected 
tiuman  peripheral  blood  mononuclear  cells  (PBMC)  in 
a  concentration-dependent  fashion  with  IC50  values  of 
0.4  ±  0.1  and  0.5  ±  0.1  jag/ml,  respectively,  for  p24 
viral  antigen  production  and  IC50  values  of  0.5  ±  0.2 
and  0.4  ±0.1  /ag/ml,  respectively  for  RT  activity  (Table 
3).  The  mean  p24  and  RT  values  of  HIV-infected  PBMC 
measured  after  treatment  with  increasing  concentra¬ 
tions  of  nPAP  and  rPAP  are  represented  in  Figs.  6B 
and  6D. 

RNA  Depurination  Activity  of  rPAP 

To  determine  if  depurination  of  the  rRNA  can  be 
detected.  E.  coli  16S  and  23S  rRNA  was  incubated  with 
increasing  concentrations  of  nPAP  and  rPAP.  treated 
with  aniline,  and  analyzed  by  electrophoresis^before 
and  after  anilin  treatment,  as  shown  in  Figs.  7A  and 
7B.  An  RNA  fragment  of  «240  nt  was  released  when 
treated  with  either  nPAP  or  rPAP,  whereas  aniline 
treatment  of  rRNA  in  the  absence  of  PAP  failed  to 
generate  this  fragment. 


FIG.  7.  Dose-dependent  depurination  of  E.  coli  23S  and  16S  ribo- 
somal  RNA  in  vitro.  The  rRNA  ( 10  fig)  was  incubated  with  rPAP. 
treated  with  aniline,  separated  on  a  4%  urea/polyacrylamide  gel,  an 
stained  with  ethidium  bromide.  The  arrow  shows  the  fragment  split 
by  anilin  and  plus  and  minus  denote  the  presence  and  absence  ot 
anilin/PAP  (ftg)  treatment,  respectively.  M,  molecular  mass  na^ker 
positions.  (A)  rRNA  treated  with  rPAP.  (B)  rRNA  treated  with  nPAP. 


DISCUSSION 

In  recent  years,  there  has  been  a  growing  interest  in 
using  PAP  as  either  a  ribosome  inhibitory  anticancer 
agent  or  a  broad-spectrum  antiviral  agent  ill,  19).  How¬ 
ever,  extensive  preclinical  and  clinical  studies  require 
large  amounts  of  PAP  purified  to  its  homogeneity.  Native 
PAP  expressed  in  plants  is  mostly  heterogeneous,  since 
plants  produce  a  number  of  immunologically  distinct 
isoforms  of  PAP  which  vary  in  their  catalytic  activity 
(1).  In  addition,  the  isolated  geographic  distribution  of 
pokeweed  plants  and  seasonal  variations  in  expression 
of  PAP  prompted  us  to  explore  an  E.  coli  expression 
system  for  the  large-scale  production  of  PAP. 

This  study  reports  the  successful  expression,  solubi¬ 
lization,  and  purification  of  functionally  active  rPAP 
from  E.  coli.  Unlike  the  ricin  A-chain,  PAP  efficiently 
inactivates  both  prokaryotic  and  eukaryotic  ribosomes. 
Due  to  this  activity,  the  wild-type  PAP  gene  had  not 
been  successfully  expressed  in  E.  coli.  Previous  at¬ 
tempts  to  express  the  PAP  gene  in  E.  coli  and  yeast 
systems  have  been  largely  unsuccessful  due  to  very  low 
yield  (0.3  to  0.9  mg/L)  and  PAP’s  ribosome  inhibitory 


activity  against  the  host  (23.25,27).  We  have  cloned  the 
PAP  gene,  encoding  amino  acid  residues  23-313,  into 
an  expression  vector,  PQE-31  (Qiagen),  under  a  phage 
T5  promotor  and  an  inducible  lac  operator  and  ex¬ 
pressed  in  E.  coli  MV1190.  Western  blot  analysis  using 
anti-PAP  antibody  showed  that  PAP  is  located  in  t  e 
insoluble  fraction  of  the  cell  lysate,  suggesting  that  the 
overexpression  of  PAP  has  led  to  rapid  aggregation  ol 
the  protein  (Fig.  2).  Analysis  of  the  inclusion  bodies, 
enriched  in  PAP,  exhibited  a  33  kDa  major  protein 
which  was  highly  reactive  with  anti-PAP  antibodies 
(Fig.  4).  The  rPAP  is  approximately  4  kDa  larger  than 
the  nPAP  purified  from  plants  (29  kDa),  since  the  rPAF 
contains  an  additional  13  amino  acids  at  the  N-termi 
nal  end  (His-tag)  and  29  amino  acids  (from  PAP)  at  tne 
C-terminal  end.  The  X-ray  crystallographic  analysis  oi 
PAP  showed  that  the  mature  PAP  is  29  amino  aci 
shorter  at  its  C-terminal  end  than  the  sequ^ce  pre 
dieted  from  the  cDNA  (2,  3),  suggesting  that  the  nJ^ 
undergoes  further  processing  at  its  C-terminus. 
rPAP  expressed  in  E.  coli  appears  to  be  full  lengt  , 
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residues  23  to  313,  suggesting  that  E.  coli  is  lacking  the 
enzyme  which  is  responsible  for  C-terminus  processing 
of  PAP  in  plants.  Although,  the  native  PAP  depuri- 
nates  23S  rRNA  of  E.  coli  and  inhibits  bacteiial  protein 
synthesis  and  growth  (28),  the  recombinant  PAP  per¬ 
mits  the  growth  of  E.  coli  (Fig.  1).  We  propose  that  the 
rapid  accumulation  of  PAP  into  inclusion  bodies  likely 
prevents  it  from  interacting  with  the  host  E.  coli  ribo¬ 
somes. 

In  order  to  maximize  the  recovery  of  PAP,  we  at¬ 
tempted  to  solubilize  the  inclusion  bodies  using  a 
variety  of  detergents.  We  found  that  the  ionic  deter¬ 
gents  lauroylsarcosine  and  CTAB  solubilized  >90% 
of  the  PAP  inclusion  bodies  at  concentrations  rang¬ 
ing  from  0.5  to  5,0%,  whereas  the  nonionic  deter¬ 
gents  solubilized  <10%  at  these  concentrations  (Ta¬ 
ble  2).  We  also  discovered  that  the  inclusion  bodies 
could  be  efficiently  solubilized  at  pH  12.  Recombi¬ 
nant  PAP  contained  in  the  solubilized  inclusion  bod¬ 
ies  was  successfully  renatured  by  slowly  dialyzing  at 
pH  8.0  buffer  in  the  presence  of  glycerol  and  then 
purified  by  gel  filtration.  In  contrast  to  the  previ¬ 
ously  reported  low  yields  (0.3  to  0.9  mg/L)  in  E.  coli, 
yeast,  and  transgenic  plants  (23,25,27),  our  E.  coli 
expression  system  allows  us  to  routinely  generate  10 
to  12  mg/L  of  recombinant  PAP  and  is  amenable  for 
large-scale  production.  The  ribosome  inhibitory  ac¬ 
tivity  of  recombinant  PAP  expressed  in  E,  coli  was 
confirmed  using  a  rabbit  reticulocyte  lysate  in  vitro 
i  translation  system.  Our  results  also  show  that  the 
^  rPAP  releases  a  240-nt  RNA  fragment  from  anilin- 
^  treated  E.  coli  23S  rRNA  similar  to  that  of  the  nPAP 
(Fig.  7).  We  have  also  documented  the  anti-HIV  ac¬ 
tivity  of  the  rPAP  usir  g  human  PBMCs  infected  with 
HIV-1.  To  our  knowledge  this  is  the  first  successful 
?  expression  and  solubilization  of  functionally  active 
)  rPAP  from  inclusion  bodies  using  an  E.  coli  expres- 
3  sion  system.  Our  study  represents  a  significant  step 
toward  improving  the  utility  of  PAP  in  treating  hu- 
I  man  diseases. 
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Pokeweed  antiviral  protein  (PAP)  is  a  naturally  occur¬ 
ring  broad-spectrum  antiviral  agent  with  potent  anti¬ 
human  immunodeficiency  virus  (HIV)-1  activity  by  an  as 
yet  undeciphered  molecular  mechanism.  In  the  present 
study,  we  sought  to  determine  if  PAP  is  capable  of  rec¬ 
ognizing  and  depurinating  viral  RNA.  Depurination  of 
viral  RNA  was  monitored  by  directly  measuring  the 
amount  of  the  adenine  base  released  from  the  viral  RNA 
species  using  quantitative  high-performance  liquid 
chromatography.  Our  findings  presented  herein  provide 
direct  evidence  that  three  different  PAP  isoforms  from 
Phytolacca  americana  (PAP-I  from  spring  leaves,  PAP-II 
from  early  summer  leaves,  and  PAP-III  from  late  sum¬ 
mer  leaves)  cause  concentration-dependent  depurina¬ 
tion  of  genomic  RNA  (63  to  460  pmols  of  adenine  released 
per  fxg  of  RNA)  purified  from  human  immunodeficiency 
virus  type-I  (HIV-I),  plant  virus  (tobacco  mosaic  virus 
(TMV),  and  bacteriophage  (MS  2).  In  contrast  to  the 
three  PAP  isoforms,  ricin  A  chain  (RTA)  failed  to  cause 
detectable  depurination  of  viral  RNA  even  at  5  pM,  al¬ 
though  it  was  as  effective  as  PAP  in  inhibiting  protein 
synthesis  in  cell-firee  translation  assays.  PAP-I,  PAP-II, 
and  PAP-in  (but  not  RTA)  inhibited  the  replication  of 
HIV-1  in  hiunan  peripheral  blood  mononuclear  cells 
with  ICso  values  of  17  nM,  25  nM,  and  16  nM,  respectively. 
These  findings  indicate  that  the  highly  conserved  active 
site  residues  responsible  for  the  depurination  of  rRNA 
by  PAP  or  RTA  are  not  sufficient  for  the  recognition  and 
depurination  of  viral  RNA.  Our  study  prompts  the  hy¬ 
pothesis  that  the  potent  antiviral  activity  of  PAP  may  in 
part  be  due  to  its  unique  ability  to  extensively  depuri¬ 
nate  viral  RNA,  including  HIV-1  RNA.  ©  1999  Academic  Press 
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Pokeweed  antiviral  protein  (PAP)  is  a  single-chain 
ribosome-inactivating  protein  (RIP)  isolated  from  the 
leaves  of  the  pokeweed  plant,  Phytolacca  americana 
(1).  PAP  is  a  site-specific  RNA  N-glycosidase  which 
catalytically  removes  a  single  adenine  base  from  a 
highly  conserved  “a-sarcin/ricin  (SR)”  loop  of  the  large 
rRNA  species  in  eukaryotic  (28S  rRNA)  and  prokary¬ 
otic  (23S  rRNA)  ribosomes  (1,  2).  This  depurination  of 
the  SR  loop  results  in  irreversible  inhibition  of  protein 
synthesis  at  the  translocation  step  by  impairing  both 
the  elongation  factor  (EF)- 1-dependent  binding  of 
aminoacyl-tRNA  and  the  GTP-dependent  binding  of 
EF-2  to  the  affected  ribosome  (1).  Recent  evidence  in¬ 
dicates  that  L3,  a  highly  conserved  ribosomal  protein 
at  the  peptidyltransferase  center,  may  provide  a  bind¬ 
ing  site  for  PAP,  allowing  depurination  of  the  target 
adenine  in  its  rRNA  substrate  (3). 

The  X-ray  crystallographic  structure  of  PAP  reveals 
a  protein  composed  of  eight  alpha  helices  and  a  beta 
sheet  consisting  of  six  strands  (4,  5).  The  protein  is 
homologous  with  the  A  chain  of  ricin  (RTA),  a  type-2 
RIP,  and  exhibits  a  very  similar  folding  pattern.  This 
highly  comparable  structural  topology  between  PAP 
and  ricin  A-chain  suggests  a  similar  mechanism  of 
rRNA  depurination.  PAP-I,  PAP-II,  and  PAP-III  are 
different  isoforms  of  PAP  isolated  from  the  spring 
leaves,  early  summer  leaves  and  late  summer  leaves  of 
the  pokeweed  plant  (1),  The  putative  active  site  resi¬ 
dues  participating  in  the  rRNA  depurination  are 
highly  conserved  among  the  different  PAP  isoforms. 

PAP  exhibits  a  broad  spectrum  antiviral  activity 
against  plant  and  animal  viruses,  including  poliovirus 
(6),  herpes  simplex  virus  (7),  influenza  virus  (8),  cyto¬ 
megalovirus  (9),  and  human  immunodeficiency  virus 
(HIV)-l  (10).  PAP  can  effectively  inhibit  viral  replica¬ 
tion  at  concentrations  which  do  not  inhibit  the  protein 
synthesis  of  host  cells  (1,  10,  11).  PAP  conjugates  of 
monoclonal  antibodies  recognizing  CD4,  CDS  or  CD7 
antigens  on  the  cell  surface  effectively  inhibit  HIV-1 
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replication  in  normal  T-cells  at  noncytotoxic  concentra¬ 
tions  (10,  11).  Thus,  the  antiviral  activity  of  PAP,  es¬ 
pecially  its  anti-HIV  activity,  cannot  be  sufficiently 
explained  by  its  RIP  activity. 

Recently,  PAP  has  been  shown  to  efficiently  depuri- 
nate  adenine-containing  polynucleotides  U2).  single- 
stranded  DNA  (13),  and  double-stranded  DNA  (14), 
suggesting  that  the  deadenylating  activity  of  PAP  is 
not  restricted  to  the  SR  loop  of  rRNA.  In  the  present 
study,  we  sought  to  determine  if  PAP  is  capable  of 
recognizing  and  depurinating  HIV-1  RNA.  Our  find¬ 
ings  presented  herein  provide  direct  evidence  that 
three  different  PAP  species  from  Phytolacca  americana 
(PAP-I  from  spring  leaves,  PAP-II  from  early  summer 
leaves,  and  PAP-III  from  late  summer  leaves)  cause 
concentration-dependent  depurination  of  genomic 
RNA  purified  from  HFV-l  as  well  as  TMV  RNA,  and 
bacteriophage  MS  2  RNA.  PAP-II  and  PAP-III  were 
more  effective  than  PAP-I  in  depurinating  viral  RNA, 
even  though  all  three  PAP  species  were  equipotent  in 
depurinating  non-viral  mouse  RNA  and  inhibiting  pro¬ 
tein  synthesis  in  cell-free  translation  assays  using  the 
rabbit  reticulocyte  lysate  system.  In  contrast  to  the 
three  PAP  isoforms,  RTA  failed  to  cause  detectable 
depurination  of  viral  RNA,  although  it  was  almost  as 
effective  as  PAP  in  inhibiting  protein  synthesis  in  cell- 
free  translation  assays.  PAP-I,  PAP-II,  and  PAP-III 
(but  not  RTA)  inhibited  the  replication  of  HIV-1  in 
human  peripheral  blood  mononuclear  cells  at  nanomo¬ 
lar  concentrations.  These  findings  indicate  that  the 
highly  conserved  active  site  residues  responsible  for 
the  depurination  of  rRNA  by  PAP  or  RTA  are  not 
sufficient  for  the  recognition  and  depurination  of  viral 
RNA.  Our  study  prompts  the  hypothesis  that  the  po¬ 
tent  antiviral  activity  of  PAP  may  at  least  in  part  be 
due  the  unique  ability  of  PAP  to  extensively  depurinate 
viral  RNA,  including  HIV-1  RNA. 

MATERIALS  AND  METHODS 

Materials.  The  PAP  isoforms  (PAP-I,  PAP-II.  and  PAP-III)  were 
purified  irom  the  spring,  early  summer  and  late  summer  leaves  of 
Phytolacca  americana,  as  described  previously  (15,  16).  RTA  and 
chemicals  were  purchased  from  Sigma  (St.  Louis,  MI).  PAP-I,  PAP-II 
and  PAP-III  were  purified  from  the  spring,  early  summer  and  late 
summer  leaves,  respectwely,  of  the  pokeweed  plant.  Since  PAP-II 
and  PAP-III  are  separated  as  distinct  peaks  in  ion-exchange  column 
chromatography  under  identical  conditions,  they  are  considered  dif¬ 
ferent  isoforms.  SDS-PAGE  analysis  showed  that  the  the  approxi¬ 
mate  molecular  mass  of  PAP-I,  PAP-II  and  PAP-III  are  29, 30,  and  30 
kDa,  respectively  (Figure  lA).  PAP-III  is  a  new  isoform  purified  from 
the  late  summer  leaves  of  Phytolacca  americana  and  its  first  (N- 
terminal)  38  residues  are  identical  to  PAP-II.  Genomic  RNA  from 
TMV  and  bacteriophage  MS2  were  purchased  from  Roche  Molecular 
Biochemicals  (Indianapohs,  IN). 

Isolation  of  HFV-I  RNA.  Human  peripheral  blood  mononuclear 
cells  (PBMCs)  were  obtained  from  HIV-1  negative  donors  and  were 
infected  (30  x  10®  cells)  with  the  HIV-l  strain  HTLV-IIIB  at  a 
multiplicity  of  infection  (MOD  of  0.1,  as  previously  described.  After 
13  days,  40  mL  of  the  culture  were  removed  and  centrifuged  at 
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'  anti-ribosome  activity  was  measured  from  rabbit  reticulocyte  lysate  in  vitro 
translation  assays.  Each  value  is  the  mean  ±  SD  of  three  experiments. 

^anti-HIV  activity  was  determined  from  HIV  p24  viral  core  protein  assays.  Each 
value  is  the  mean  ±  SD  of  three  indepentdent  experiments. 

FIG.  1.  Chemical  and  biological  characteristics  of  pokeweed  an¬ 
tiviral  proteins.  [A]  Coomassie  blue-stained  SDS-12%  PAGE  gel  com¬ 
paring  the  molecular  mass  of  the  PAP  isoforms  and  RTA.  M,  molec¬ 
ular  mass  marker.  Masses  of  the  protein  markers  (in  kilodaltons)  are 
shown  on  the  left.  (B]  The  RIP  activity  was  measured  in  3  indepen¬ 
dent  experiments  using  rabbit  reticulocyte  lysate-based  in  vitro 
translation  assays.  The  anti-HIV  activity  was  measured  using 
PBMC  and  the  HIV-1  strain  HTLVIIIB,  as  described  in  Materials 
and  Methods. 


10,000  X  g  for  5  min.  The  supernatant  was  filtered  through  a  0.22 
p,m  filter,  mixed  with  20  mL  of  the  virus  precipitation  buffer  (30% 
PEG  8000, 0.4  M  NaCl)  and  incubated  for  3  h  at  4“C.  The  sample  was 
centrifuged  at  15,000  rpm  for  30  min  and  the  pellet  was  resuspended 
in  2  ml  of  Urea  lysis  buffer  (7  M  Urea,  2%  SDS,  0.35  M  NaCl,  0.001 
M  EDTA,  0.01  M  Tris,  pH  8.0).  The  sample  was  diluted  with  4  mL  of 
RNase  free  water,  extracted  with  phenohchloroform  (24:24)  and  pre¬ 
cipitated  with  ethanol.  The  RNA  pellet  was  resuspended  in  0.5  ml 
DNase  digestion  buffer  (0.005  M  MgCl2,  0.01  M  Tris,  pH  7.4)  and 
treated  with  50  U  of  RNase  free  DNase  for  30  min  at  37®C.  The  RNA 
was  extracted  with  phenohchloroform,  precipitated  with  ethanol  and 
resuspended  in  400  pi  RNase  free  water  and  stored  at  -20°C. 

Adenine  release  assays.  The  HPLC  (Hewlett  Packard,  Palo  Alto, 
CA)-based  adenine  detection  system  consisted  of  a  Hewlett  Packard 
(HP)  series  1100  in  conjunction  with  a  quaternary  pump,  an  auosam- 
pler,  an  auto  electronic  degasser,  an  automatic  thermostatic  column 
compartment,  diode  array  detector  and  a  computer  with  a  Chemsta- 
tion  software  program  for  data  analysis.  Release  of  adenine  from 
RNA  substrates  was  determined  using  a  reverse-phase  Lichrospher 
100,  RP-18  analytical  column  (Hewlett  Packard,  5  pm  particle  size, 
250  X  4  mm).  The  HPLC  running  buffer  (50  mM  NH4C2H3O2,  5% 
Methanol,  pH  5.0)  was  used  as  the  mobile  phase.  The  mobile  phase 
was  degassed  automatically  by  the  electronic  degasser  system.  The 
column  was  equilibrated  and  eluted  under  isocratic  conditions  at  a 
flow  rate  of  1.0  ml/min. 

Viral  RNA  samples  (2  pg)  were  incubated  with  increasing  concen¬ 
trations  (0.25,  0.5,  1.0,  2.5  and  5.0  pM)  of  PAP  (PAP-I,  PAP-II, 
PAP-III)  or  RTA  for  1  h  at  37°C  in  50  pi  of  binding  buffer  (25  mM 
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FIG.  2.  RIP  activity  of  pokeweed  antiviral  proteins.  Dose- 
dependent  inhibition  of  protein  .synthesis  in  the  rabbit  reticulocyte 
lysate  system.  Each  data  point  repre.sents  an  average  from  three 
experiments.  Protein  synthesis  was  measured  by  ‘^"’S-methionine  in¬ 
corporation  and  the  control  sample  with  all  the  reagents  except  RIP 
was  assigned  a  reference  value  of  100%.  Inset:  A  representative 
experiment  showing  reduced  synthesis  of  '^"’S-labeled  luciferase  pro¬ 
tein  '61-kDa)  in  the  presence  of  RIPs.  Samples  were  resolved  on 
SDS-10%  PAGE  and  autoradiographed.  Numbers  at  the  top  indicate 
the  concentrations  of  RIPs. 

Tris.  HCl.  pH  7.8,  10  mM  KCL  5  mM  MgCL,  2%  Glycerol).  The 
reaction  was  stopped  by  adding  100  /xl  of  HPLC  running  buffer  and 
100  pi  of  the  sample  was  injected  automatically  into  the  Lichrospher 
100RP-18E  column.  The  detector  wavelength  was  set  at  260  nm  and 
the  flow  rate  was  maintained  at  1  ml/min.  Controls  included  samples 
containing  (a)  untreated  viral  RNA,  and  (b)  RIP  (PAP  isomers  or 
RTA)  without  \iral  RNA. 

Calibration  curve.  The  adenine  standard  was  obtained  from  Sigma 
Chemicals.  A  calibration  curve  was  generated  to  confirm  the  linear 
relationship  between  the  absolute  peak  area  and  the  quantities  of 
adenine  in  the  tested  samples.  Adenine  at  final  concentration  of  0.1  pM 
( =5  pmols/50  pi).  0.5  pM  (=25  pmols/50  pi),  1.0  pM  (=50  pmols/50  pi), 
2.5  pM  { =  125  pmols/50  pi)  5.0  pM  (=250  pmols/50  pi)  was  injected  into 
the  HPLC  system  for  analysis  and  the  calibration  cun^es  were  gener¬ 
ated  by  plotting  the  absolute  peak  area  against  the  quantities  of  ade¬ 
nine.  Unweighted  linear  regression  analysis  of  the  calibration  curve 
was  performed  by  using  the  CA-Cricket  graph  III  computer  program, 
version  1.1  (Computer  Association,  Inc.,  Islandia,  NY). 

Intraassay  and  interassay  accuracy  and  precision.  To  evaluate 
the  intra-assay  accuracy  and  precision,  standard  samples  containing 
0.5  pM  or  2.5  pM  adenine  were  prepared  and  analyzed  within  a 
single  day  and  the  quantities  were  calculated  using  the  calibration 
cun'e  as  described  above.  The  ratio  of  the  calculated  quantities  over 
the  known  quantities  spiked  was  calculated  to  evaluate  the  intra¬ 
assay  precision.  The  inter-assay  accuracy  was  calculated  as  the  ratio 
of  the  calculated  quantities  over  the  known  quantities  using  data 
from  3  independent  experiments.  The  inter-assay  precision  was  es¬ 
timated  by  determining  the  coefficient  of  variation  from  3  indepen¬ 
dent  experiments. 

CelCfree  translation  assays  of  RIP  activity.  The  RIP  activity  of 
PAP  isoforms  i  PAP-I,  PAP-II  and  PAP-III)  and  RTA  was  measured 


using  a  cell-free  in  vitro  protein  synthesis  inhibition  assay,  as  de¬ 
scribed  previously  (17).  In  brief,  varying  amounts  (0.01  to  5  ng/ml)  of 
the  RIPs  were  added  to  the  “translation  mixture”  containing  10  pi  of 
rabbit  reticulocyte  lysate  (Promega),  0.5  pi  of  1  mM  methionine-free 
amino  acids  mixture  and  1.0  pi  of  ^^S-methionine  (10  mCi/ml, 
Amersham,  Arlington  Heights,  ID.  An  appropriate  amount  of  RNase 
free  water  was  added  to  keep  the  final  volume  of  the  reaction  mixture 
fixed  at  19  pi  and  the  reaction  mixture  was  pre-incubated  at  room 
temperature  for  15  min.  Protein  translation  was  initiated  by  adding 


in  o 


Concentration  (ng/ml) 

FIG.  3.  Anti-HIV  activity  of  pokeweed  antiviral  proteins.  PBMCs 
were  infected  with  the  HIV-1  strain  HTL\TIIB  and  cultured  for  10 
days  in  the  presence  or  absence  of  PAP  isomers.  HIV-1  replication  in 
PBMC  was  measured  using  p24  ELISA. 
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FIG.  4.  Deadenylation  of  HIV-1  RNA  by  poktweed  antiviral  proteins.  Two  of  HIV-1  RNA  was  incubaU^d  with  varying  concentrations  (0.25 
to  5.0  /xM)  of  RIPs  for  1  h  at  37®C  in  50  p.1  of  bindinp  buffer.  The  reaction  was  stopped  by  adding  100  p.1  of  HPLC  running  buffer  and  100  /xl  of  the 
sample  was  injected  in  to  the  column  as  described  in  Materials  and  Methods.  Control  samples  of  HI\^-1  RNA  were  treated  with  PBS  instead  of  REPs. 


0,12  /xg  luciferase  mRNA  in  a  1.0  )xl  volume  and  continued  the 
incubation  at  30°C  for  2  h.  Translation  was  stopped  by  the  addition 
of  5Cf  trichloroacetic  acid.  The  precipitated  pol3Tpeptides  were  col¬ 
lected  on  Whatman  CF/C  glass  microfiber  filters  and  counted  in  a 


Beckman  liquid  scintillation  counter  as  described  previously  (17). 
The  ICr,o  values  were  calculated  by  non-linear  regression  analysis 
f Prism-2  graph  pad  software.  San  Diego,  CA)  using  the  pooled  data 
from  three  independent  experiments. 
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FIG.  5.  Deadenyiation  of  viral  RNA  by  pokeweed  antiviral  pro¬ 
teins.  Adenine  release  assays  were  performed  as  described  in  Materials 
and  Methods.  Each  value  is  an  average  from  three  independent  exper¬ 
iments. 

Cellular  assays  of  anti-HW  activity.  The  in  vitro  anti-HIV-I  activ¬ 
ities  of  PAP-I,  PAP-II,  PAP-III  and  RTA  were  evaluated  by  determining 
their  ability  to  inhibit  the  replication,  as  measured  by  production  of  p24 


antigen,  of  the  HIV-I  strain  HTLV-IIIB  in  Ficoll-Hypaque  separated 
normal  human  peripheral  blood  mononuclear  cells  (PBMCs)  from  HIV- 
seronegative  donors,  as  previously  described  (11, 18).  Controls  included 
uninfected,  untreated  PBMCs  for  determining  the  background  value  for 
the  p24  ELISA  and  infected,  untreated  PBMCs  for  comparison  with 
infected,  PAP/RTA-treated  PBMCs.  Percent  inhibition  of  HIV-1  repli¬ 
cation  was  calculated  by  comparing  the  backgroimd-subtracted  p24 
antigen  values  for  the  test  substance-treated  infected  cells  with  the 
background-subtracted  p24  antigen  values  for  imtreated  infected  cells. 
The  mean  ( ±  SEM)  IC50  values  were  calculated  by  non-linear  regression 
analysis  (Prism-2). 

RESULTS  AND  DISCUSSION 

RIP  activity  of  PAP-I,  PAP-II,  PAP-III,  and  RTA. 
To  compare  the  rRNA  depurinating  activity  of  our  test 
RIPs  (PAP-I,  PAP-II,  PAP-III  and  RTA),  we  have  per¬ 
formed  in  vitro  translation  inhibition  assays  using  lu- 
ciferase  mRNA  as  the  template.  Our  results  showed 
identical  dose-response  curves  for  all  the  test  RIPs 
(IC50  values:  3  ±  0.2,  4  ±  0.2,  3  ±  0.2  and  6  ±  0.3  pM 
for  PAP-I,  PAP-II,  PAP-III  and  RTA,  respectively  (Fig¬ 
ure  IB,  Figure  2).  These  data  indicate  that  the  rRNA 
depurination  activities  of  PAP  isomers  and  RTA  are 
similar  despite  the  differences  of  their  primary  amino 
acid  sequences. 

Anti-HIV  activity  of  PAP-I,  PAP-II,  and  PAP-III. 
PAP-I,  PAP-II,  and  PAP-III  effectively  inhibited  the 
replication  of  HIV- 1  in  human  peripheral  blood  mono¬ 
nuclear  cells  with  IC50  values  of  14  ±  2.1  nM,  26  ±  2.5 
nM,  and  17  ±  2.0  nM,  respectively  (Figure  IB,  Figure 
3).  The  anti-HIV  activity  of  PAP  isomers  cannot  be 
exaplained  only  by  their  RIP  activity  since  RTA  with 
virtually  identical  potency  as  a  rRNA-depurinating 
RIP  did  not  show  any  detectable  anti-HTV  activity  un¬ 
der  identical  experimental  conditions  (Figure  IB), 

Depurination  of  HIV- 1  RNA  by  PAP-I,  PAP-II,  and 
PAP-III.  Aniline  cleavage  assays  showed  fragmenta¬ 
tion  of  viral  RNA  from  HFV-l,  TMV,  and  MS2  after 
treatment  with  PAP-I,  PAP-II,  or  PAP-III,  but  not  with 
RTA  (data  not  shown).  Since  aniline  cleaves  the  sugar- 
phosphate  backbone  of  RNA  at  depurination  sites, 
these  results  strongly  indicated  that  all  three  PAP 
isomers  are  capable  of  depurinating  viral  RNA.  We 
next  examined  PAP-I,  PAP-II,  PAP-III  and  RTA  for 
depurinating  activity  against  genomic  RNA  purified 
from  HIV-1  using  adenine  release  assays,  (lenomic 
viral  RNAs  from  TMV  and  MS2  were  also  included  as 
controls.  The  depurinating  activity  of  test  RIPs  was 
determined  by  measuring  the  amount  of  adenine  re¬ 
leased  from  the  substrate  viral  RNA  using  a  quantita¬ 
tive  HPLC  method,  as  described  in  Materials  and 
Methods.  Under  the  described  chromatographic  condi¬ 
tions,  the  retention  time  for  adenine  was  11.4  minutes. 
At  this  retention  time,  adenine  was  eluted  without  an 
interference  peak  from  the  blank  control  (Figure  4). 
The  calibration  curve  for  adenine  was  linear  between 
5  pmols-250  pmols  and  could  be  described  by  the 
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regression  equation:  Y  =  1.324X  -  0.393  (r  >  0.999), 
where  Y  is  the  amount  of  adenine  recovered  in  pmols 
and  X  is  the  absolute  peak  area.  The  lowest  limit  of 
detection  of  adenine  was  2.5  pmol  at  a  signal  to  noise 
ratio  of  A3. 

The  intra-  and  inter-assay  coefficients  of  variation 
were  less  than  5%.  The  overall  intra-  and  inter-assay 
accuracies  of  this  method  were  98.7  ±  1.7%  (N  -  3) 
and  95.7  ±  3.3%  (N  =  3),  respectively.  All  three  iso¬ 
forms  of  PAP  (but  not  RTA)  caused  concentration- 
dependent  depurination  from  HIV-1  RNA  as  well  as 
control  viral  RNAs  (TMV  and  MS2)  (Figure  5).  The 
order  of  deadenylation  efficiency  of  viral  RNA  by  PAP 
isoforms  was  PAP-III  >  PAP-II  >  PAP-I  (Figure  5),  At 
a  5  jjM  concentration,  PAP-III  released  168  ±  20, 
452  ±  28,  and  369  ±  13  pmols  of  adenine,  respectively, 
from  one  fig  of  RNA  from  HIV-1,  MS2,  and  TMV.  By 
comparison,  PAP-I  released  63  ±  7,  292  ±  20,  and 
335  ±  15  pmols  of  adenine  from  one  fig  of  RNA  from 
HFV-l,  MS2,  and  TMV,  respectively.  Thus,  PAP-III  and 
PAP-II  were  more  effective  than  PAP-I  in  depurinating 
\iral  RNA,  even  though  all  three  PAP  species  were 
equally  potent  in  inhibiting  protein  synthesis  in  cell- 
free  translation  assays  using  the  rabbit  reticulocyte 
lysate  system  (Figure  IB,  Figure  2).  Furthermore,  in 
contrast  to  the  three  PAP  isoforms,  RTA  failed  to  cause 
detectable  depurination  of  viral  RNA  even  at  5  fiM 
(Figure  5),  although  it  was  almost  as  effective  as  PAP 
in  inhibiting  protein  synthesis  in  cell-free  translation 
assays  with  an  IC50  value  of  6  pM  (Figure  IB).  These 
findings  indicate  that  the  highly  conserved  active  site 
residues  responsible  for  the  depurination  of  rRNA  by 
PAP  or  RTA  are  not  sufficient  for  the  recognition  and 
depurination  of  viral  RNA. 

Our  study  prompts  the  hypothesis  that  the  potent 
antiviral  activity  of  PAP  may  in  part  be  due  to  the 
unique  ability  of  PAP  to  extensively  depurinate  viral 
RNA,  including  HIV-l  RNA.  Until  recently  the  rRNA 
was  the  only  known  substrate  for  RIPs.  We  report  here 
a  dose-dependent  release  of  adenine  from  plant  and 
human  viral  genomic  RNAs  by  PAP  isoforms  (PAP-I, 
PAP-II,  PAP-III).  The  fragments  released  from  PAP 
and  aniline  treated  viral  RNAs  was  unique  to  each 
viral  RNA  (data  not  shown).  The  PAP  isoforms  showed 


higher  depurinating  activity  on  RNA  from  bacterio¬ 
phage  and  TMV  than  on  HIV  RNA  suggesting  a  pref¬ 
erence  for  substrate.  The  elucidation  of  the  determi¬ 
nants  of  PAP  to  interact  with  and  depurinate  viral 
RNA  may  provide  the  basis  for  the  design  of  novel  and 
effective  antiviral  treatment  programs  using  PAP. 
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ruses,  including  HIV  (12-15).  The  molecular  mecha¬ 
nism  of  the  antiviral  activity  of  PAP-I  is  under  active 
investigation  (16-20).  The  therapeutic  potential  of 
PAP  has  gained  considerable  interest  in  recent  years 
due  to  the  clinical  use  of  native  PAP  as  the  ac¬ 
tive  moiety  of  immunoconjugates  against  cancer  and 
AIDS  (21). 

Besides  PAP-I,  PAP-II  and  PAP-III  (from  summer 
leaves),  as  well  as  PAP-S  (from  seeds),  were  isolated 
from  the  pokeweed  plant  (22,  23).  These  molecules 
share  distinct  but  homologous  primary  structure.  The 
putative  active  site  residues  participating  in  the  rRNA 
depurination  are  highly  conserved  among  the  different 
PAP  species.  Furthermore,  all  three  PAP  species  cause 
concentration-dependent  depurination  of  viral  RNA 
(9).  PAP-I,  PAP-n,  and  PAP-III  inhibited  the  replication 
of  HTV  in  human  peripheral  blood  mononuclear  cells  with 
IC50  values  of  17,  25,  and  16  nM,  respectively. 

We  have  determined  the  X-ray  crystal  structure  of 
PAP-I  with  a  1.9  A  resolution  and  established  a  model 
as  a  guide  for  construction  of  superior  PAP-I  mutants.  j 
However,  our  efforts  to  crystallize  PAP-II  have  not  f 

been  successful.  Here  we  report  the  successful  crystal-  [ 

lization  of  PAP-II  after  reductive  methylation  of  its  \ 
lysine  residues.  The  structural  comparison  of  PAP-II  I 

and  PAP-I  will  likely  provide  further  insights  into  the  } 

structure-activity  relationship,  affecting  their  ribo-  i 

some  inactivating  and  antiviral  properties,  j 

MATERIALS  AND  METHODS 


Pokeweed  antiviral  protein  II  (PAP-II)  is  a  naturally 
occurring  protein  isolated  ftrom  early  summer  leaves 
of  the  pokeweed  plant  (Phytolaeca  americana).  PAP-II 
belongs  to  a  family  of  ribosome-inactivating  proteins 
which  catalytically  deadenylate  ribosomal  and  viral 
RNA.  The  chemical  modification  of  PAP-II  by  reduc¬ 
tive  methylation  of  its  lysine  residues  significantly  im¬ 
proved  the  crystal  quality  for  X-ray  diffraction  stud¬ 
ies.  Hexagonal  crystals  of  the  modified  PAP-II,  with 
unit  cell  parameters  a  =  b  =  92.51  A,  c  =  79.05  A  were 
obtained  using  1.8  M  Na/K  phosphate  as  the  precipi¬ 
tant.  These  crystals  contained  one  enzyme  molecule 
per  asymmetric  unit  and  diffracted  up  to  2.4  A,  when 
exposed  to  a  synchroton  SOtirce.  ©  2000  Academic  Press 
Key  Words:  pokeweed  antiviral  protein;  reductive 
methylation;  crystallization;  X-ray  diftraction. 


Pokeweed  antiviral  protein  (PAP-I)  is  a  29-kDa  nat¬ 
urally  occurring  protein  isolated  from  the  spring  leaves 
of  pokeweed  plant  (1,  2).  PAP  belongs  to  a  family  of 
ribosome-inactivating  proteins  (RIPs)  which  catal3rti- 
cally  remove  a  single  adenine  base  from  the  highly 
conserved  a-sarcin/ricin  loop  of  ribosomal  RNA  (2,  3). 
The  ribosomes  depurinated  by  PAP  in  this  manner  are 
unable  to  interact  with  the  elongation  factors  (EF)-l 
and  EF-2  and  thus  the  protein  synthesis  is  irreversibly 
inhibited  at  the  translocation  step  (4,  5).  PAP  has  been 
shown  to  effectively  depurinate  adenine-containing 
polynucleotides  (6),  single-stranded  DNA  (7),  double- 
stranded  DNA  (8)  and  viral  RNA  (9,  10),  suggesting 
that  the  depurinating  activity  of  PAP-I  is  not  limited  to 
the  a-sarcin  loop  of  rRNA.  Recently  it  was  found  that 
PAP-I  can  deguanylate  both  ribosomal  and  viral  RNA 
(10,  11).  Studies  also  indicated  that  PAP-I  effectively 
inhibits  intracellular  replication  of  several  animal  vi- 

’  To  whom  correspondence  should  be  addressed  at  Parker  Hughes 
Institute,  2665  Long  Lake  Road,  Roseville,  MN  55113.  Fax:  (651) 
697-1057.  E-mail:  igor@ih.org. 


Purification  and  crystallization,  PAP-II  was  extracted  from  early 
summer  leaves  of  Phytolacca  americana  and  purified  to  homogeneity 
as  previously  described  (22,  23).  Just  before  the  crystallization  setup 
PAP-II  was  repurified  on  a  MonoS  cation-exchange  column  (Phar¬ 
macia  Biotech),  eluted  using  500  mM  NaCl  in  25  mM  citric  buffer  pH 
6,  and  filtered  through  a  0.1-/xm  filter  to  remove  possible  aggregates. 

Crystallization  of  native  PAP-II.  Crystallization  conditions  were 
screened  with  the  hanging-drop  vapor-diffusion  method  at  three 
different  temperatures  (4®C,  20®C  and  37°C),  initially  using  commer¬ 
cially  available  crystallization  kits  (Hampton  Research).  Very  small 
and  poorly  shaped  microcrystals  were  found  with  PEG  8000  as  a 
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precipitant  and  using  extremely  high  protein  concentrations  of  up  to 
140  nig/ml.  All  attempts  to  grow  larger  and  better  crystals  failed 
without  significant  improvement  of  crystal  quality  despite  many 
trials  with  a  large  variety  of  crystallization  conditions. 

Chemical  modification  of  PAP-Il.  Because  of  the  poor  quality  of 
PAP-II  crystals,  the  protein  was  subjected  to  reductive  methylation 
of  lysine  residues  to  decrease  its  solubility  and  enhance  its  surface 
hydrophobicity,  using  the  protocol  published  in  (24).  The  protein 
solution  (~10  mg/ml)  was  dialyzed  against  0.2  M  sodium  borate,  pH 
8.5,  60  ^l\  of  formaldehyde  (1  M)  was  added  to  2  ml  of  the  protein 
solution.  Subsequently,  6  /il  of  sodium  borohydrate  ( 1  M)  was  added 
with  rapid  mixing,  followed  by  addition  of  another  4  /il  sodium 
borohydrate  after  10  min.  This  modification  reaction  was  repeated 
six  times  at  30  min  intervals,  during  which  the  reaction  solution  was 
left  on  ice.  The  protein  was  finally  precipitated  using  ammonium 
sulfate.  However,  the  protein  failed  to  form  a  pellet  upon  repeated 
centrifugation,  so  the  suspension  was  dialyzed  back  into  solution 
against  water.  The  resolubilized  protein  was  concentrated  and  de¬ 
salted  by  passing  through  a  G-25  column  previously  equilibrated 
with  water.  The  modified  protein  was  then  applied  to  cation- 
exchange  column  chromatography  and  was  eluted  as  a  single  peak  at 
a  lower  NaCl  concentration  than  unmodified  wiid-t)q>e  PAP-II. 

Crystallization  of  reductively  methylated  PAPdl.  The  crystalliza¬ 
tion  of  modified  PAP-II  proved  much  easier  when  compared  with  to 
our  year-long  efforts  to  crystallize  wild-type  PAP-II  protein.  The 
crystals  grew  as  a  cluster  of  thin  rods  (Fig.  1)  from  1.8  M  Na/K 
phosphate  solution  (pH  7.2)  at  room  temperature  and  ~36  mg/ml 
protein  solution.  These  crystals  appeared  after  approximately  one 
week  and  grew  to  maximum  dimensions  of  approximately  0.1  mm  X 
0,2  mm  X  0.5  mm.  For  cryo-temperature  data  collection,  the  crystals 
were  subjected  to  flash  cooling  in  liquid  nitrogen  after  a  short  (less 
than  5  sec)  soaking  in  30%  PEG300  solution. 

Data  collection  and  processing.  Initial  X-ray  diffraction  data  was 
collected  using  the  R-AXIS  lY  imaging  plate  detector  mounted  on  an 
RUH3R  Rigaku  rotating  anode  X-ray  generator  with  a  double  mirror 
system  operating  at  50  kV  and  100  mA,  The  crystal-to-detector 
distance  was  150  mm  and  the  crystal  in  two  different  orientations 
was  rotated  around  the  spindle  axis  with  images  collected  over  1,5® 
to  a  resolution  of  2.8  A.  X-ray  data  set  was  collected  at  low  temper¬ 
atures  (~100K)  to  improve  the  diffraction  quality  and  decrease  the 
radiation  decay. 

A  full  data  set  was  collected  at  the  Cornell  High  Energy  Synchro¬ 
tron  Source  (CHESS),  using  the  MacCHESS  facility  with  the  crys¬ 
tallographic  setup  and  accompanying  support  on  beamline  F-2. 
Quantum-4  CCD  area  detector  systems  was  used  to  collect  data 
extending  to  2.4  A  resolution  at  low  temperature.  The  X-stream 
system  from  MSC  was  used  for  all  low-temperature  studies. 

The  diffraction  data  were  evaluated  using  the  HKL  package 
{DENZO  and  SCALEPACK  (25)).  The  real  resolution  of  the  data, 
used  for  structure  refinement,  was  estimated  by  taking  into  consid¬ 
eration  the  completeness  of  the  last  resolution  shell,  I/<r  ratio  and 
R-merge  values.  The  crystal  structure  was  determined  by  molecular 
replacement  using  the  Imown  structure  of  wild  type  PAP-I.  All  struc¬ 
ture  refinement  calculations  were  done  using  X-PLOR  (version  3.8  X) 
(26).  As  a  guide  to  the  quality  of  the  structure,  the  values  of  the  free 
R-factor  were  monitored  during  the  course  of  the  crystallographic 
refinement. 


RESULTS  AND  DISCUSSION 

Chemical  modification  of  proteins  has  promoted  the 
biochemical  and  structural  characterization  of  pro¬ 
teins.  The  chemical  labeling  of  a  class  of  amino  acids 
did  not  require  considerable  prior  knowledge  of  the 


FIG.  1.  The  cluster  of  methylated  PAP-II  crystals.  The  dimen¬ 
sion  of  the  largest  crystal  are  approximately  0.1  X  0.2  x  0.5  mm. 


protein’s  structure  and  function  in  order  to  perform  a 
meaningful  experiment  that  can  be  readily  inter¬ 
preted.  Reductive  methylation  of  lysine  e-groups  in 
proteins  was  shown  to  be  accompanied  by  minimal 
changes  in  the  gross  physical  properties  (27).  As  it  was 
reported  in  a  few  publications  (24, 28),  reductive  meth¬ 
ylation  of  lysine  residues  offers  the  opportunity  to 
change  the  surface  properties  of  a  target  protein  and 
can  potentially  improve  its  crystallization  properties. 
It  was  possible  to  grow  crystals  of  myosin  subfragment 
I  (24),  that  has  resisted  crystallization  for  years.  Be¬ 
sides,  it  was  found  that  lysine  modification  with  2,4,6- 
trinitrobenzene  sulfonyl  chloride  only  slightly  reduced 
the  ability  of  PAP-1  to  inactivate  ribosomes  and  had  no 
detectable  effect  on  its  antiviral  activity  (29). 

The  cation-exchange  HPLC  profiles  show  that  the 
methylated  PAP-II  peak  shifted  to  lower  retention  time 
as  compared  with  native  PAP-II.  However,  the  reverse 
phase  HPLC  profile  showed  that  the  methylated 
PAP-II  shifted  to  longer  retention  times  than  unre¬ 
acted  PAP-II  (Fig.  2).  These  results  indicate  that  the 
reductive  methylation  of  PAP-II  reduced  the  apparent 
surface  charge  and  increased  the  hydrophobicity  of  the 
protein. 

The  crystals  of  wild  type  PAP-II  were  very  difficult  to 
grow  and  crystallization  conditions  were  not  reproduc¬ 
ible.  The  small  and  poorly  shaped  crystals  diffracted 
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only  to  4  A  resolution  on  a  rotating  anode  X-ray  gen¬ 
erator  operated  at  50  kV  and  100  mA  and  the  crystals 
showed  high  mosaicity.  On  the  other  hand,  crystals  of 
reductively  methylated  PAP-II  were  easily  grown,  they 
diffracted  up  to  2.8  A  resolution  under  the  same  exper¬ 
imental  conditions  and  up  to  2.4  A  resolution  using  the 
synchrotron  beamline  at  CHESS.  According  to  the  re¬ 
sults  deduced  from  DENZO  indexing  program,  the 
crystals  of  PAP-II  belong  to  the  primitive  hexagonal 
lattice.  The  calculations  of  merging  R-factors  for  vari¬ 
ous  crystal  S5mimetries  led  to  the  assignment  of  P321 
group.  Examination  of  the  systematic  absences  allowed 
the  identification  of  the  space  group  P3i21  or  P3221 
and  the  unit  cell  parameters  a  =  b  =  92.51  A,  c  =  79.05 
^  a  =  ^  =  90®  and  y  =  120°.  A  solvent  content  of  63% 
and  an  acceptable  crystal  packing  density  Vj,  of  3.15 
A®/Da  were  calculated  using  the  Matthews  method 
(30),  assuming  the  PAP-II  crystals  to  contain  one  mol¬ 
ecule  per  asymmetric  unit.  A  total  of  13727  unique 
reflections  were  collected  at  CHESS,  which  represent  a 
completeness  of  98.8%  at  2.5  A  resolution.  Full  data 
statistics  is  shown  in  Table  1.  The  data  was  first  pro¬ 
cessed  in  P321  group  because  of  the  ambiguous  three¬ 
fold  axis. 

We  attempted  structure  solution  using  the  molecular 
replacement  method  implemented  in  the  program 
AMORE  (31,  32)  by  employing  our  wild-type  PAP-I 
model  (PDB  access  code  IQCG)  (33)  as  a  search  model. 
PAP-I  and  PAP-II  share  only  42%  of  identical  residues, 
although  there  are  many  highly  conserved  residues 
and  all  ribosome  inactivating  proteins  with  known 
structure  possess  a  very  similar  folding  pattern  and 
structure.  No  insertions  or  deletions  were  made  in  the 
search  model.  The  molecular  replacement  calculations 
^^02*0  Performed  using  data  in  the  resolution  range 
20-4  A.  Rotational  function  searches  were  carried  out 
with  an  integration  radius  of  25  A.  Although  a  promi- 


FIG.  2.  The  comparison  of  the  elution  profile  of  methylated 
PAP-II  with  native  PAP.  (A)  Reversed-phase  HPLC  overlay.  Native 
and  methylated  PAP-II  were  injected  onto  Beckman  4.6  x  250-mm 
octylsilane  column  equilibrated  with  45%  acetonitrile/0.1%  TEA  in 
water.  The  protein  was  eluted  with  a  linear  45-60%  acetonitrile 
gradient  at  1.0  ml/min.  The  protein  was  detected  by  absorbance  at 
230  nm.  iB)  Cation-exchange  HPLC.  The  mixture  of  native  and 
methylated  PAP-II  were  injected  onto  a  BioRad  7.5  x  75-mm  TSK- 
SP5  ion-exchange  column  equilibrated  with  20  mM  potassium  phos¬ 
phate,  pH  6.5.  The  protein  was  eluted  with  a  linear  0-500  mM  NaCl 
gradient  at  1  ml/min. 


TABLE  1 

Details  of  Data  Collection 


PAP-II  crystal 

(in-house  PAP-II  crystal 
RAXIS-IY)  chess  data 


Unit  cell  parameters 

(a) 

93.75 

(b) 

93.75 

(c) 

79.69 

CL 

90.0 

Q 

90.0 

H 

120.0 

■y 

Vail) 

12.4 

Number  of  unique  reflections 

8626 

Redundancy 

5.9 

Resolution  limit  for  refinement  (A) 

2.9 

R-merge  (%)“ 

12.4 

R-merge  (%)  in  last 

resolution  shell 

23.9 

Completeness  (%) 

92.9 

Completeness  (%)  in  last 

resolution  shell 

97.8 

92.51 

92.51 
79.05 
90.0 
90.0 

120.0 

13.6 
13727 

4,76 

2.5 

9.5 

17.1 

98.8 

97.7 


Note.  The  last  shell  is  the  2.5-2.59  A  resolution  bin  for  synchrotron 

data  and  2.9-3.0  A  for  in  house  data  collection. 

«  R-merge  (%)  =  (Sll,  -  <1)1 /SI,)  x  100,  where  I,  is  an  individual 
intensity  observation,  <I)  is  the  mean  intensity  for  that  reflection  and 
the  summation  is  over  all  reflections. 


nent  pear  was  found,  all  peaks  of  the  rotational  func- 
tion  search  were  used  in  the  subsequent  translation 
function  search  in  a  two  possible  space  groups  P3221 
and  P3i21,  followed  by  rigid-body  refinement.  The 
space  group  P3i21  was  eliminated  after  several  at¬ 
tempts  revealed  that  it  was  impossible  to  have  a  rea¬ 
sonable  packing  in  a  luut  cell.  The  most  promising 
solution  has  an  outstanding  correlation  peak  and  the 
lowest  R-factor.  The  solution  was  examined  graphically 
and  the  crystal  packing  for  this  solution  is  good.  Model 
rebuilding  and  structure  refinement  are  under  way. 

X-ray  crystallographic  three-dimensional  structure 
of  PAP-II  may  help  us  elucidate  the  structural  differ¬ 
ences  among  different  PAP  species  and  help  us  under¬ 
stand  the  substrate  specificity  and  stereoselectivity  of 
these  enzymes.  Structural  information  from  these  pro¬ 
teins  may  also  facilitate  design  and  engineering  of  new 
enzymes  with  pre-determined  properties  in  the  area  of 
clinical  interest. 
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Abstract 

The  pokeweed  antiviral  protein  (PAP)  belongs  to  a  family  of  ribosome-inactivating  proteins  (RIP),  which  depurinate 
ribosomal  RNA  through  their  site-specific  N-glycosidase  activity.  We  report  low  temperature,  three-dimensional  struc¬ 
tures  of  RAP  co-crvstallized  with  adenyl-guanosinc  (.ApG)  and  adenyl-cytosine-cytosine  (ApCpC).  Crystal  structures  of 
2.0-2. 1  .A  resolution  re\  ealed  that  both  ApG  or  .ApCpC  nucleotides  are  cleaved  by  PAR  leaving  only  the  adenine  base 
clearly  visible  in  the  active  site  pocket  of  PAR  ApCpC  does  not  resemble  any  known  natural  substrate  for  any 
ribosome-inactivatinc  proteins  and  its  cleavage  hv  PAP  pro\  ides  unprecedented  evidence  tor  a  broad  spectrum  N-glycosidase 
activity  of  PAP  tow  ard  adenine-containing  single  stranded  RNA.  We  also  report  the  analysis  of  a  2.1  A  crystal  structure 
of  PAP  complexed  with  the  RIP  inhibitor  pteoric  acid.  The  pterin  ring  is  strongly  bound  in  the  active  site,  forming  four 
hydrogen  bonds  with  active  site  residues  and  one  hydrogen  bond  with  the  coordinated  water  molecule.  The  second  ISO"" 
rotation  conformation  of  pterin  ring  can  form  only  three  hydrogen  bonds  in  the  active  site  and  is  less  energetically 
favorable.  The  benzoate  moiety  is  parallel  to  the  protein  surface  of  PAP  and  forms  only  one  hydrogen  bond  with  the 
guanido  group  of  Are  135. 

Keywords:  active  site  interactions;  ribosome  inactivating  proteins:  RNA  substrate  analogs;  X-ray  crystallography 


Pokeweed  antiviral  protein  (PAP)  from  the  leaves  of  the  pokeweed 
plant,  Phytolacca  americana.  is  a  naturally  occurring  29  kDa  sin¬ 
gle  chain  ribosome  inactivating  protein  (RIP),  which  catalytically 
inactivates  both  prokaiy  otic  and  eukaryotic  ribosomes.  The  thera¬ 
peutic  potential  of  RAP  has  gained  considerable  interest  in  recent 
years  due  to  the  clinical  use  of  native  PAP  as  the  active  moiety  of 
immunoconjugates  against  cancer  and  AIDS  (Irvin  &  Uckun,  1992). 

PAP  is  a  site-,specific  RNA  N-glycosidase  that  enzymatically 
removes  a  single  adenine  base  ( A4324)  from  a  highly  conserved, 
surface  exposed  “a-sarcin*’  loop  of  the  large  rRNA  species  in 
eukaryotic  (28S  rRN.Ai  and  prokaryotic  (23S  rRNA)  ribosomes 
(Irvin,  1983;  Endo  ei  ak.  1988).  This  catalytic  depurination  of  the 
a-sarcin  loop,  which  is  positioned  in  immediate  vicinity  of  the 
peptidyltransferase  center  within  the  50  S  subunit  of  Escherichia 
coli  ribosomes,  impairs  the  interactions  between  ribosomes  and 
elongation  factor  2  <  EF-2),  resulting  in  irreversible  inhibition  of 
protein  synthesis  at  the  EF-2  mediated  translocation  step  i  Dallal  & 
Irvin.  1978;  Gessner  A:  Irvin,  1980). 

PAP  has  also  been  shown  to  effectively  inhibit  the  replication  of 
several  plant  and  animal  viruses  including  poliovirus,  herpes  sim- 
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plex  virus,  cytomegalovirus,  influenza  virus,  and  human  immuno¬ 
deficiency  virus  (HIV)-l  (Zarling  et  al.,  1990;  Irvin  &  Uckun, 
1992).  The  molecular  mechanism  of  the  antiviral  activity  of  PAP  is 
under  active  investigation  (Bonness  et  al.,  1994;  Chaddock  el  al., 
1994,  1996;  Hur  et  al.,  1995;  Turner  et  al.,  1997,  1998;  Xu  et  al., 
1998).  Besides  its  ability  to  inhibit  viral  protein  synthesis,  PAP  is 
also  capable  of  directly  depurinating  viral  RNA  (Barbieri  et  al., 
1997).  Furthermore.  PAP  also  displays  viral  RNA-specific  effects 
in  vivo  and  has  been  shown  to  inhibit  ribosomal  frameshifting  and 
retrotransposition,  a  molecular  mechanism  used  by  many  RNA 
viruses  to  produce  Gag-Pol  fusion  proteins  (Turner  et  al.,  1998). 

Wild-type  PAP  was  crystallized  and  its  structure  refined  to  a 
2.5  A  resolution  at  room  temperature  (Monzingo  et  al.,  1993).  To 
date,  no  structural  information  has  been  reported  regarding  the 
interaction  of  PAP  with  its  natural  substrates.  A  working  hypoth¬ 
esis  regarding  the  structural  basis  for  the  N-glycosidase  activity  of 
RAP  w'as  proposed  based  on  the  structural  similarities  of  the  active 
sites  of  PAP  and  a  more  extensively  analyzed  RIP,  ricin  A-chain 
(  Katzin  et  al.,  1991;  Kim  &  Robertus,  1992;  Monzingo  &  Rober¬ 
tas,  1992).  This  hypothesis  was  predicated  upon  the  supposition 
that  PAP  and  ricin  A-chain  are  identical  in  their  enzymatic  activity 
and  provides  no  explanation  for  the  more  broad-spectrum  N-glyco- 
sidase  activity  of  PAP  (Hartley  et  al.,  1991;  Barbieri  et  al.,  1993; 
Marchant  &  Hartley,  1995). 
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In  this  paper,  we  report  a  low  temperature  X-ray  structure  analy¬ 
sis  and  supporting  modeling  studies  ot  the  interactions  of  PAP 
with  nucleotide  analogs  of  its  natural  rRNA  substrate.  In  particular, 
the  dinucleotide  adenyU3 -S'lguanosine  (ApG)  and  trinucleotide 
adenyl-cytosine-cytosine  ( ApCpC)  were  co-cry stallized  with  PAP 
and  computer  modeling  studies  were  performed  to  elucidate  the 
structural  basis  of  the  interactions  between  PAP  andjts  ligands. 
The  low  temperature  .X-ray  data  extended  to  a  1.9  A  resolution 
allowing  a  more  detailed  interpretation  of  the  enzyme-substrate 
complexes.  It  was  observed  that  PAP  had  cleaved  both  ApG  and 
ApCpC.  and  only  adenine  base  was  visible  in  the  active  site  pocket. 
The  cleavage  of  ApCpC,  which  does  not  resemble  any  knowm 
natural  substrate  (GAG AG  molit  in  a  RNA  stem-loop  (Endo  et  al., 
1988:  Marchant  &  Hartley,  1995:  Chen  et  al.,  1998))  for  any  RIP, 
provides  experimental  evidence  tor  a  broad  spectrum  N-glycosidase 
activity  of  PAP  toward  any  adenine  containing  single-stranded 
RNA.  To  better  understand  the  interaction  of  the  PAP  active  site 
with  adenine  containing  oligonucleotides,  we  also  pertormed  a 
co-crystallization  with  pteoric  acid  IPTA),  which  is  a  weak  inhib¬ 
itor  of  ricin  (Van  et  al.,  1997). 


Results  and  discussion 

PAP  crystals  belong  to  the  triclinic  space  group  with  two  molecules 
in  the  unit  cell.  There  are  no  large  conformational  differences 
between  the  two  PAP  molecules  of  the  asymmetric  unit  because  of 
noncrystallographic  symmetry  restraints  imposed  during  the  crys¬ 
tallographic  structure  refinement.  The  root-mean-square  deviation 
(  RMSD)  was  0.07  A  for  the  main-chain  and  0.16  A  for  side-chain 
atoms  between  two  PAP  monomers.  Overall  conformation  and 
mode  of  interaction  of  all  studied  ligands  were  the  same  in  two 
monomers.  For  the  purpose  of  structural  comparison,  the  average 
values  of  the  two  models  wall  be  used  for  subsequent  analysis. 

Analogous  to  other  RIPs  (ricin  A-chain,  trichosantin.  momor- 
din),  PAP  has  a  w'ell-defined  secondary  structure:  eight  a-helices 
and  a  /3-sheet  composed  of  six  strands.  Comparison  of  our  room 
temperature  PAP  structure  at  the  resolution  2.0  A  with  the  pub¬ 
lished  PAP  structure  at  resolution  2.5  A  (Monzingo  el  al.,  1993) 
shows  better  stereochemistry  with  RMSDs  of  0.008  A  for  bond 
lengths  and  1,6°  for  angles,  as  compared  to  0.027  A  and  3.4°, 
respectively,  for  IP.XF  structure.  .X  direct  comparison  of  our  struc¬ 
ture  with  the  published  structure  (Protein  Data  Bank  (PDB)  code 
IPAF)  did  not  show  a  significant  discrepancy  for  backbone  con¬ 
formation  and  RMSD  for  the  main-chain  atoms  was  only  0.34  A. 
Only  a  few  atoms  differ  more  than  0.9-1. 0  A.  The  comparison  of 
the  residues  in  the  active  site  region  showed  even  less  discrepancy 
with  RMSD  of  0.24  A. 


Low  temperature  studies 

In  an  attempt  to  prolong  the  crv'stal  life  and  improve  the  resolution 
limits,  we  performed  a  low  temperature  study  of  PAP  crystals.  This 
is  especially  important  for  a  triclinic  unit  cell.  The  first  noticeable 
effect  of  lowering  temperature  was  a  decrease  of  unit  cell  param¬ 
eters.  The  relative  volume  reduction  caused  by  the  lowering  of 
temperature  was  approximately  2.4%  and  the  corresponding  actual 
volume  change  was  3,060  A^  per  unit  cell.  The  observed  unit  cell 
volume  change  was  smaller  than  that  reported  for  RNAse  (4.7%) 
(Tilton  et  al.,  1992)  or  myoglobin  (5%)  (Frauenfelder  et  al.,  1987). 
The  thermal  expansion  ot  the  protein  can  also  be  parameterized  in 


terms  of  the  radius  of  gyration.  Since  the  radius  of  gyration  is 
proportional  to  the  moment  of  inertia,  it  gives  a  rough  estimation 
of  protein  volume.  The  radius  of  gyration  calculated  for  all  non¬ 
hydrogen  atoms  of  PAP  decreased  by  about  1 .9%  (this  corresponds 
to  a  57%  decrease  of  the  volume  of  the  appropriate  ellipsoid).  A 
similar  behavior  was  observed  for  the  accessible  surface  area  of 
PAP.  A  3.2%  decrease  in  the  accessible  surface  area  shows  that  the 
roughness  of  the  PAP  surface  does  not  increase  with  freezing  and 
reOects  the  overall  shrinkage  of  protein.  A  direct  comparison  of 
low  temperature  ( LT)  and  room  temperature  (RT)  structures  shows 
no  significant  structural  differences  except  for  the  usual  thermal 
expansion  of  the  protein  substance.  Two  monomers  in  the  unit  cell 
changed  their  relative  position  upon  freezing  the  relative  sliding 
and  pivoting  of  the  monomers  occurred  to  form  a  more  dense 
packing  at  low  temperature.  After  rigid-body  rotation  and  transla¬ 
tion  (which  are  different  for  two  monomers),  both  backbones  were 
nearly  identical  (Fig.  1),  which  could  be  a  consequence  of  abun¬ 
dant  secondary'  structure  elements.  RMSD  for  the  main-chain 
atoms  was  0.30  A  and  none  of  the  main-chain  atoms,  except  C- 
and  N-terminus,  had  deviations  more  than  1  A.  A  comparison 
between  LT  and  RT  structures  is  even  smaller  when  comparing  a 
secondary  structure  elements  or  active  site  region  of  the  protein. 
No  large  conformational  reorientations  of  side  chains  were  ob¬ 
served:  only  some  large  and/or  disordered  side  chains  became 
more  ordered  at  LT.  We  were  unable  to  identify  any  definitive 
alternate  conformations  in  PAP  at  LT.  A  lower  overall  5-factor  and 
a  smaller  range  in  5-factor  profile  were  observed  for  the  LT  struc¬ 
tures.  Although  the  temperature  factor  plotted  against  the  residue 
number  (Fig.  2i  showed  a  similar  pattern  tor  LT  and  RT  structures, 
there  were  manv  indications  of  a  nonunitorm  decrease  ot  the  5-factor 
upon  crystal  freezing. 

PAP  interactions  with  substrate  analogs 

The  structural  element  ot  rRNA  targeted  by  PAP  (Hartley  et  al., 
1991:  Barbieri  et  al.,  1993)  is  a  very  conserved  stem-loop  structure 
containing  the  GAGAG  motif  (the  cleaved  adenine  is  underlined). 
Therefore,  we  co-crysiallized  PAP  with  adenyl-guanosine  to  elu¬ 
cidate  the  interactions  of  PAP  with  its  rRNA  substrates.  Crystals  of 
PAP-ApG  complex  have  the  same  space  group  and  very  similar 
unit  cell  parameters  (see  Table  1).  The  initial  2Fo  —  Fc  electron 
density  map  for  PAP  complexed  with  ApG  showed  continuous 
density  in  the  active  site  pocket,  which  slightly  protruded  along  the 
protein  surface  from  the  PAP  active  site.  This  density  was  initially 
fitted  with  ApG  having  the  best  and  energetically  favorable  con¬ 
formation  from  our  modeling  studies  (see  Materials  and  niethods). 
Initially  all  atoms  of  ApG  were  assigned  5-factors  of  20  A^,  close 
to  mean  value  for  the  active  site  residues.  The  next  round  of 
structure  refinement  (slow  cooling  annealing,  positional,  and  indi¬ 
vidual  5- factor  refinement)  lead  to  an  increase  of  the  5-factor  for 
guanosine  group  up  to  40  A^  and  the  5-factor  for  the  adenosine 
group  to  ~25  A^.  The  uneven  distribution  of  5-factor  on  phos¬ 
phate  backbone  excluded  a  consideration  of  static  disorder  for  the 
guanosine  group.  The  omit  electron  density  maps  showed  contin¬ 
uous  electron  density  covering  only  the  adenine  group  and  half  of 
the  sugar;  the  rest  of  the  molecule  is  covered  by  separate  peaks, 
more  similar  to  water  peaks  (Fig.  3).  So,  we  assumed  that  ApG  was 
cleaved  by  PAP  during  the  rather  long  crystallization  setup  and 
only  the  adenine  moiety  was  left  bound  in  the  active  site  pocket. 
This  hypothesis  was  clearly  confirmed  by  the  next  round  of  struc¬ 
ture  refinement  where  we  retained  only  the  adenine  base  and  in- 
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Fig.  1.  A  Ca  traces  of  PAP  A-nionomerN  at  RT  and  LT  following  superimposiiion  of  their  respective  main-chain  coordinates.  The  trace 
of  the  RT  PAP  structure  is  dra\ui  uiih  thicker  line.  Comparison  of  B-monomers  shows  a  similar  pattern. 


eluded  water  molecules  in  the  disiinctne  peaks  shown  on  the 
previous  electron  omit  map  density  in  place  of  guanidine  and  the 
phosphate  linker.  Although  the  resulting  difference  in  ^-free  factor 
is  not  substantial  (<0.3%),  the  final  omit  electron  density  map 
clearlv  covered  only  the  adenine  base  in  the  active  site  and  sur¬ 
rounding  water  molecules  without  any  ambiguity. 

Figure  4  shows  the  binding  site  region  of  the  omit  map  for  the 
PAP-adenine  complex.  The  mode  of  adenine  interaction  with  PAP 


Fig.  2.  Main-chain  atoms  averaged  5-factor  dependence  on  the  residue 
number  for  ligand-free  PAP  structure  at  RT  (upper  line)  and  LT  (lower 
line). 


active  site  residues  is  essentially  identical  to  that  seen  previously  in 
ricin  complexed  with  ApG  (Monzingo  &  Robertus,  1992).  The 
adenine  ring  is  sandwiched  between  tyrosines  72  and  123.  N6  of 
adenine  donates  a  hydrogen  bond  to  the  carbonyl  oxygen  of  Val73 
(distance  3.4  A),  N1  receives  a  hydrogen  bond  from  the  amino 
nitrogen  of  Val73  (distance  2.9  A).  Argl79  can  donate  a  hydrogen 
bond  to  N3  (distance  2.6  A)  and  N7  is  hydrogen  bonded  to  the 
carbonyl  oxygen  of  Seri  2 1  (2.7  A),  The  only  noticeable  difference 
between  this  complex  and  the  complex  of  PAP  with  formycin 
(Monzingo  et  al.,  1993)  is  the  orientation  of  Tyr72.  Tyr72  in  the 
PAP-adenine  complex  does  not  appear  to  have  altered  its  torsion 
angle  X\  upon  ligand  binding  as  was  observed  in  the  PAP-formycin 
complex.  Orientation  of  the  Tyr72  in  the  PAP-adenine  complex 
remains  the  same  as  in  ligand-free  form  of  PAP. 

The  absence  of  an  electron  density  for  the  guanosine  ring  sug¬ 
gests  that  the  enzyme  remains  active  during  the  crystallization 
setup.  Our  study  of  the  PAP-ApG  complex  follows  the  earlier 
study  of  a  PAP  complex  with  formyc in-monophosphate  (Mon¬ 
zingo  et  al.,  1993).  Formycin-monophosphate  could  not  be  cleaved 
by  PAP  because  of  the  C-C  bond  between  pyrazolepyrimidine  and 
ribose  sugar.  Ricin  A-chain  is  a  more  extensively  studied  RIP  and 
its  complexes  with  adenosine-monophosphate  (Weston  et  al„  1994) 
and  ApG  (Monzingo  &  Robertus.  1992)  were  described.  It  was 
shown  that  adenosine-monophosphate  is  cleaved  by  ricin  A-chain 
(only  adenine  was  seen  in  the  active  site).  The  overall  orientation 
of  the  dinucleotide  .ApG  with  adenine  bound  in  the  active  site  is 
definitively  the  same  in  the  ApG-ricin  complex  and  PAP.  However, 
small  differences  in  surface  topology  near  the  active  site  pocket 
may  account  for  different  rates  of  ApG  depurination  by  PAP  and 
ricin  (ApG  is  not  considered  as  a  substrate  for  ricin  in  kinetics 
studies  by  (Chen  et  al.,  1998)). 
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Table  1.  Details  of  data  collection  and  refinement 


Wild-type  PAP 
RT 

Wild-type  PAP 

Lt 

PAP-ApG 

complex 

PAP-ApCpC 

complex 

PAP-PTA 

complex 

Unit  (a) 

49.47 

48.68 

48.48 

48.64 

48.19 

Cell  {b) 

49.47 

49.09 

49.03 

49.08 

48.50 

X(c) 

64.77 

64.56 

63.87 

64.39 

63.92 

a 

68.73 

67.95 

68.79 

68.75 

68.85 

81.12 

82.90 

81.05 

82.55 

81.78 

y 

64.13 

65.37 

63.88 

64.87 

64.62 

Unit  cell  volume  (A^) 

132,920 

129,860 

127,080 

129,620 

128,480 

/?-merge  (%) 

4.8 

5.9 

6.0 

6.6 

6.9 

Resolution  limit  for  refinement 

2.0 

2.1 

2.0 

2.1 

2.1 

Completeness  of  data  used  for  refinement 

91.0 

87.0 

89.4 

87.9 

85.3 

/?-factor 

19.9 

20.8 

23.0 

24,5 

23.0 

Number  of  water  molecules 

478 

479 

448 

414 

541 

Protein  5-factor  (A^) 

23.9 

13.3 

19.9 

20.1 

16.2 

Taking  into  consideration  the  broad  specificity  of  PAP  toward 
ribosomes  from  different  sources  and  its  very  high  affinity  to  the 
adenine  base,  we  tried  to  explore  the  binding  and  interaction  of 
PAP  with  the  tri-nucleotide  ApCpC.  ApCpC  is  not  known  to  be  a 
natural  substrate  for  PAP  or  RIPs,  so  we  expected  the  PAP-ApCpC 
complex  would  at  least  help  to  characterize  the  interaction  with 
phosphate  backbone. 

ApCpC  was  co-crystallized  with  PAP  in  the  same  manner  as 
ApG  with  the  same  space  group  and  unit  cell  parameters.  How¬ 
ever.  the  examination  of  the  omit  map  density  in  the  active  site 
pocket  again  showed  the  presence  of  only  an  adenine  base,  without 
any  indications  of  an  electron  density  corresponding  to  two  cyti- 
dines.  This  very  unusual  result  supports  the  notion  that  PAP  has  a 


high  affinity  toward  adenine-containing  oligonucleotides  without  a 
high  degree  of  selectivity  toward  the  closest  nucleotide  residues  in 
the  sequence. 

PAP  complex  with  pteroic  acid  (PTA) 

To  further  study  the  interaction  of  PAP  with  ligands,  we  co¬ 
crystallized  PAP  with  pteoric  acid,  PTA  was  already  shown  to  be 
a  weak  inhibitor  of  ricin  A-chain  and  X-ray  studies  demonstrated 
the  putative  structure  of  PTA  bound  to  ricin  (Yan  et  al.,  1997). 
Because  there  are  no  known  natural  inhibitors  of  PAP,  and  it  is 
shown  that  ricin  A-chain  and  PAP  share  the  same  active  site  struc¬ 
ture,  we  decided  to  use  PTA  as  a  possible  ligand  for  PAP.  Our 


Fig.  3.  Omit  electron  density  map  —  Ffi  for  PAP-ApG  complex  at  LT.  ApG  was  omitted  for  map  calculations.  Model  for  ApG  is 
drawn  in  bold.  The  map  is  contoured  at  1.5a‘. 
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preliminary  kinetics  data  had  revealed  a  decrease  of  ribosome 
depurination  in  the  presence  of  PTA  (F.  Rajamohan  &  FM.  Uckun, 
unpubl.  results). 

Crystals  of  PAP  complexed  with  PTA  remained  isomorphous  to 
ligand-lree  PAP  (see  Table  I).  Initially  PTA  was  manually  docked 
into  the  active  site  pocket  in  the  conformation  derived  from  our 
computer  simulation  results.  Alter  a  crystallographic  refinement, 
the  omit  electron  density  map  clearly  showed  a  continuous  elec¬ 
tron  density  covering  the  whole  PTA  molecule.  The  same  orienta¬ 
tion  of  bound  PTA  was  observed  in  two  PAP  monomers.  Although 
our  modeling  studies  did  not  show  the  preferred  orientation  of  PTA 
complexed  with  PAP,  the  initial  electron  density  was  sufficient  to 
properly  position  the  PTA  benzoic  acid  outside  the  active  site 
pocket.  Alter  the  second  cycle  ot  relinement,  the  ambiguity  con¬ 
cerning  the  orientation  of  the  main  ring  in  the  active  site  pocket 
persisted.  Therefore,  two  more  cycles  of  refinement  were  per¬ 
formed  with  two  different  orientation  of  the  pterin  ring  (180° 
flipping).  The  precision  of  the  electron  density  maps  was  not  enough 


to  discriminate  between  the  two  conformations  (Fig.  5).  However, 
the  mode  of  interaction  of  two  conformation  differ  considerably, 
and  we  assume  that  only  one  of  the  conformations  has  the  best 
pattern  of  hydrogen  bonding  of  pterin  ring  with  the  active  site 
lesidues.  The  best  orientation  of  the  pterin  ring  reveals  four  hy¬ 
drogen  bonds  to  protein  atoms  (backbone  N  of  VaI73.  two  bonds 
with  Oy  of  Seri 2 1  and  Oy  ot  Seri 75),  and  one  bond  is  mediated 
by  strongly  bound  water  molecule,  WAT133  (details  are  displayed 
on  Fig.  6).  The  second  orientation  of  pterin  ring  can  form  only 
three  hydrogen  bonds,  which  are  less  optimal  than  those  formed  in 
the  first  orientation.  The  second  orientation  of  pterin  ring  inside  the 
PAP  active  site  corresponds  to  the  conformation  observed  in  PTA- 
ricin  complex  (Yan  et  al.,  1997),  and  its  interactions  with  active 
site  residues  are  similar  to  those  of  adenine.  We  observed  a  rotation 
of  Tyr72  ring  to  accommodate  pterin  ring  in  the  active  site. 

The  benzoate  moiety  of  PTA  lies  parallel  to  the  protein  surface, 
and  its  carboxyl  oxygen  is  linked  to  the  guanido  group  of  ArgI35. 
It  is  apparent  that  the  benzoate  group  of  PTA  does  not  significantly 


Tyr-72 


Fig.  3.  Omit  electron  density  map  (F„  -  F,)  Tor  PAP-pteoric  acid  complex  at  low  temperature.  PTA  was  omitted  for  map  calculations 

le  tvnre' ' '  80°  rotation)  of  pterin  ring  (shown  in  blue  and  red)  are  superimposed  on 
the  tuure.  The  Lonrormaiion  having  the  more  favorable  interaction  profile  is  shown  in  blue.  ^ 
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Ligand  bond 

Non-ligand  bond 

Hydrogen  bond  and  its  length 


His  53^  Non-ligand  residues  involved  in  hydrophobic 
comact(s) 

9  Corresponding  atoms  involved  in  hydrophobic  contact(s) 


Fig.  6. 
1995). 


Details  of  interaction  of  pteroic  acid  with  active  site  residues  of  PAP.  The  figure  was  drawn  using  LIGPLOT  (Wallace  et  al., 


contribute  to  the  binding  of  PTA  to  PAP.  The  overall  orientation  of 
the  benzoate  group  is  clearly  different  from  its  orientation  in  the 
ricin-PTA  complex  ( Yan  et  al.,  1997:  Fig.  7).  The  benzoate  ring  of 
PTA  is  bent  around  TyrSO  of  ricin  {Tyr72  of  PAP)  and  its  carboxyl 
oxygen  is  near  Asn78  {Asn70  of  PAP).  Although  Asn78  of  ricin 
and  Asn70  ot  PAP  occupy  the  same  position,  PTA  complexed  with 
PAP  cannot  assume  the  same  orientation  as  PTA  complexed  with 
ricin  because  ot  the  different  orientation  of  the  tyrosine  ring.  Side- 
chain  Tyr72  of  PAP  has  more  restricted  conformational  freedom 
because  of  the  neighboring  Serl2I,  The  ricin  residue,  which  cor¬ 
respond  to  Seri 2 1  of  PAP.  is  Glyl21.  which  has  no  interactions 
with  the  tyrosine  ring.  Because  of  the  tlexible  links  between  pterin 
and  benzoate  rings,  the  latter  can  adopt  a  conformation  toward 
.Argl  35.  which  is  located  on  the  opposite  side  of  the  active  site 
from  Asn70.  In  fact,  the  benzoate  rings  complexed  with  both  ricin 
and  PAP  appear  to  be  bound  in  a  long  concave  region,  which  may 
accommodate  a  single  strand  of  a  natural  RNA  substrate. 

An  experimentally  obtained  three-dimensional  structure  of  PAP 
complexed  with  a  larger  su>strate  analogue  consisting  of  a  stem- 
loop  structure  would  be  likely  to  provide  valuable  information 
about  the  details  of  mechanism  of  PAP  enzymatic  activity. 


Materials  and  methods 

Protein  purification  and  aystallization 

PAP  was  extracted  from  spring  leaves  of  pokeweed  and  purified  to 
homogeneity  as  previously  described  (Myers  et  al.,  1991).  Ju.st 
before  the  crystallization  setup  PAP  was  repurified  on  a  MonoS 
cation-exchange  column  (Pharmacia  Biotech,  Piscataway,  New  Jer¬ 
sey)  and  filtered  through  0.22  jum  filter.  ApG,  ApCpC,  and  pteoric 
acid  were  purchased  from  Sigma  (St.  Louis,  Missouri)  and  were 
used  without  additional  modifications. 

PAP  crystals  were  obtained  from  a  concentrated  PAP  preparation 
(15-20  mg/mL)  by  the  vapor  diffusion  method  within  2-3  weeks 
using  "hanging  drop'’  experiments  with  16-18%  PEG  4000  and 
O.I  M  CaCL  (50  mM  Tris-HCl  buffer  pH  =  8)  at  room  tempera¬ 
ture.  Cr\'sials  of  P.AP-ApG  and  PAP-ApCpC  complexes  were  grown 
in  the  above  solution  with  the  addition  of  5  mM  ApG  or  ApCpC. 
PAP-PT.A  crystals  were  grown  from  same  solution  but  saturated 
with  PTA:  otherwise  the  crystallization  conditions  were  identical. 
Unit  cell  parameters,  details  of  data  collection,  and  refinement  are 
presented  in  Table  ! .  To  prolong  the  crystal  lifetime  and  increase 
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Fig.  7.  Stereo  view  of  the  superimposition  of  PAP  and  ricin  (Yan  et  al.,  1997)  active  site  residues  with  bound  PTA.  Ricin  atoms  are 
shown  in  thin  lines;  PTA  is  black.  PAP  with  bound  PTA  is  drawn  in  thick  lines. 


the  resolution  limits,  low  temperature  studies  were  done  using  a 
25%  PEG4000  solution  as  a  cryoprotectant,  and  the  protein  crystal 
was  Hash-frozen  under  a  liquid  nitrogen  stream.  Upon  freezing, 
P.AP  crystals  usually  exhibited  a  mosaicity  increase  of  0.2-0. 5°. 
Low  temperature  studies  (~  100  K)  were  done  using  the  X-stream 
system  from  MSC  (Woodlands,  Texas).  Diffraction  data  were  col¬ 
lected  on  a  Rigaku  RaxisIY  imaging  plate.  The  X-ray  .source  was 
a  copper  Rigaku  RU300H  generator  with  a  double  mirror  system 
operating  at  50  kV  and  100  mA.  The  crystal-to-detector  distance 
was  150  mm,  and  the  crystal  (in  one  or  two  different  orienta¬ 
tions)  was  rotated  around  the  spindle  axis  with  images  collected 
over  1 .5°  to  a  resolution  of  1 .9-2.0  A.  Data  were  evaluated  using 
the  bioTex  processing  software  (MSC)  or  HKL  package  (DENZO 
and  SCALEPACK  (Otwinowski  &  Minor,  1998)).  The  complete¬ 
ness  of  data  sets  at  low  temperature  was  over  85%  when  the 
completeness  of  the  data  set  in  the  last  resolution  shell  was  70- 
80%.  The  real  resolution  of  the  data,  used  for  structure  refinement, 
was  estimated  to  be  2.0-2. 1  A  (see  Table  1 )  taking  into  consider¬ 
ation  the  completeness  of  the  last  resolution  shell,  l/a  ratio  and 
R-merge  values. 

Model  refinement 

The  atomic  coordinates  of  the  refined  PAP  (PDB  access  code 
IPAF)  were  used  for  the  initial  crystallographic  phasing  and  re- 
tinement  ot  the  new  PAP  structure.  .All  calculations  were  done 
using  X-PLOR  (version  3.1)  (Brtinger,  1992).  All  data  with 
Her  >  2  and  a  low-resolution  limit  of  8  A  were  used  for  structure 
refinement.  Nonpolar  hydrogens  were  implicitly  included  in  their 
associated  heavy  atoms.  There  were  two  PAP  monomers  per  unit 
cell,  and  they  are  approximately  related  by  a  twofold  symmetry 
nearly  coincident  with  the  crystallographic  a-axis.  During  the  crys¬ 
tallographic  refinement  we  imposed  noncrystallographic  symme¬ 
try  (NCS)  restraints  on  the  atom  position  and  /^-factors  of  two 
monomers,  including  ligand  models.  At  the  early  stage  of  the  crys¬ 
tallographic  refinement,  strong  NCS  restraints  were  imposed  to 
keep  the  structure  of  two  molecules  close  and  not  to  increase  the 
free  R-factor.  As  the  refinement  progressed,  the  values  of  the  ef¬ 


fective  energy  constant  for  the  positional  restraints  between  two 
monomers  were  relaxed  from  300  to  60  kcal/mol/A~  for  the  main- 
chain  atoms  and  30  kcal/mol/A-  for  the  side-chain  atoms.  Com¬ 
plete  removal  of  NCS  restraints  led  to  a  small  increase  of  y?-free 
factor. 

A  few  cycles  of  slow-cooling  annealing  (3,500  — >  100  K),  po¬ 
sitional  and  restrained  isotropic  temperature  factor  refinements  were 
followed  by  visual  inspection  of  electron  density  maps,  including 
omit  maps,  coupled  with  a  manual  model  building  (when  neces¬ 
sary)  using  the  graphics  program  CHAIN  (Sack,  1988).  A  ligand- 
free  PAP  structure  at  room  temperature  (RT)  was  used  as  a  starting 
point  for  the  refinement  of  every  PAP  structure  at  low  temperature 
(LT).  Strong  stereochemical  restraints  were  imposed  during  the 
crystallographic  refinement  and  all  final  PAP  structures  possessed 
a  similarly  good  stereochemistry  with  an  RMSD  of  *^0.008  A  for 
bond  lengths  and  ~  1 .4°  for  angles.  The  RMSD  between  two  mol¬ 
ecules  before  and  after  the  final  round  of  refinement  was  0.06  A. 
The  quality  of  the  stereochemistry  of  the  final  protein  structure 
was  assessed  with  the  PROCHECK  package  (Laskowski  et  al., 
1993).  The  Ramachandran  plot  shows  no  residues  in  disallowed 
regions  (data  not  shown). 

All  procedures  during  crystal  growing,  data  collection  and  pro¬ 
cessing  as  well  as  structure  refinement  were  identical  for  all  stud¬ 
ied  complexes,  which  simplified  the  comparison  of  the  final 
structures  and  eliminated  some  of  the  systematic  errors.  As  a  better 
guide  to  the  quality  of  the  structure,  the  values  of  the  free  R-factor 
were  monitored  during  the  course  of  the  crystallographic  refine¬ 
ment.  The  final  value  of  free  /?- factors  did  not  exceed  the  overall 
/?- factor  by  more  than  7%. 

The  refined  coordinates  of  wild-type  PAP  at  low  temperature 
and  PAP  complexes  with  adenine  and  pteoric  acid  have  been 
deposited  in  the  PDB  (access  codes  IQCG,  IQCI,  and  IQCJ, 
respectively). 

Ligand  docking  modeling 

The  molecular  docking  of  ligands  and  estimation  of  the  interaction 
scores  were  done  using  a  Fixed  Docking  procedure  in  the  Affinity’ 
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program  within  the  Insightll  modeling  software  (Insightll  User 
Guide,  1996).  We  created  a  definitive  binding  pt  of  PAP  residues 
in  the  active  site  pocket  to  move  as  a  3.5  A  shell  around  the 
manually  docked  ligand  during  the  energy  minimization.  The  num* 
ber  of  final  docking  positions  was  set  to  20,  although  finally  only 
3-5  promising  positions  were  identified.  The  calculations  used  a 
CVFF  force-field  in  the  Discovery  program  and  a  Monte  Carlo 
strategy  in  the  Affinity  program.  Each  energy-minimized  final  dock¬ 
ing  position  of  the  ligand  was  evaluated  using  the  interactive  score 
function  in  the  Ludi  module.  Ludi  score  includes  contribution  of 
the  loss  of  translational  and  rotational  entropy  of  the  fragment, 
number  and  quality  of  hydrogen  bonds,  and  contributions  from 
ionic  and  lipophilic  interactions  to  the  binding  energy. 
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ABSTRACT 


A  molecular  model  of  pokeweed  antiviral  protein  (PAP)-RNA  interactions  was  used  to  rationally  engineer  FLP- 
102(‘^'AA‘^^)  and  FLP-105('^'AA‘®^)  as  nontoxic  PAP  proteins  with  potent  anti-HIV  activity.  FLP-102  and 
FLP-105  have  been  produced  in  E.  coli  and  tested  both  in  vitro  as  well  as  in  vivo.  These  proteins  depurinate 
HIV-1  RNA  much  better  than  ribosomal  RNA  and  are  more  potent  anti-HIV  agents  than  native  PAP  or 
recombinant  wildtype  PAP.  They  are 'substantially  less  toxic  than  wildtype  PAP  and  exhibit  potent  in  vivo  activity 
against  genotypically  and  phenotypically  NRTI-resistant  HIV-1  in  a  surrogate  Hu-PBL-SCID  mouse  model  of 
human  AIDS.  Rationally  engineered  nontoxic  recombinant  PAP  proteins  such  as  FLP-102  may  provide  the  basis 
for  effective  salvage  therapies  for  patients  harboring  highly  drug  resistant  strains  of  HTV-l.  The  documented  in 
vitro  potency  of  FLP-102,  its  in  vivo  antiretroviral  activity  in  HIV-infected  Hu-PBL  SCID  mice,  and  its  favorable 
toxicity  profile  warrant  the  further  development  of  this  promising  new  biotherapeutic  agent. 
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INTRODUCTION 


Pokeweed  antiviral  protein  (PAP)  is  a  29-kDa  naturally  occurring  antiviral  agent  that  can  be  isolated  from 
the  leaves  of  the  pokeweed  plant,  Phytolacca  americana  (1,2).  PAP  has  a  unique  ability  to  depurinate  HIV-l  RNA 
(3,4).  PAP  exhibits  potent  antiviral  activity  against  NRTI-resistant  primary  clinical  HIV-1  isolates  (5).  Both 
ZDV-sensitive  and  ZDV-resistant  clinical  HIV-1  isolates  were  found  to  be  >  4  log  more  sensitive  to  PAP  than  to 
ZDV  (5).  We  have  cloned  the  gene  for  PAP  and  established  procedures  for  large  scale  production  and  purification 
of  the  cloned  recombinant  pokeweed  antiviral  protein  (6,7).  We  have  tested  recombinant  PAP  against  a  broad 
panel  of  viruses  in  vitro  and  documented  that  it  is  as  active  as  native  pokeweed  antiviral  protein  against  both  DNA 
and  RNA  viruses  (6,7).  We  were  also  able  to  determine  the  X-ray  crystal  structure  of  pokeweed  antiviral  protein 
at  2. 1 A  resolution  (8,9). 

More  recently,  we  have  used  a  molecular  model  of  PAP-HIV  RNA  interactions  (10-12)  for  the  rational 
design  of  PAP  mutants  with  potent  anti-HIV  activity.  In  the  present  study,  two  such  recombinant  PAP  proteins, 
FLP-102('^'AA‘^^)  and  FLP-105('^‘AA'^)  have  been  engineered,  produced,  and  tested  both  in  vitro  as  well  as  in 
vivo.  These  proteins  depurinate  HIV-1  RNA  much  better  than  ribosomal  RNA  and  are  more  potent  anti-HIV 
agents  than  native  PAP  or  recombinant  wild-type  PAP.  Our  preliminary  studies  indicate  that  these  proteins  are 
substantially  less  toxic  than  wild-type  PAP  and  exhibit  potent  in  vivo  activity  against  a  genotypically  and 
phenotypically  NRTI-resistant  clinical  HIV-1  isolate  in  a  surrogate  Hu-PBL-SCID  mouse  model  of  human  AIDS. 
We  hypothesize  that  FLP-102,  because  of  its  potent  anti-HIV  activity  and  lack  of  systemic  toxicity,  may  provide 
the  basis  for  effective  salvage  therapies  for  patients  harboring  highly  drug  resistant  strains  of  HIV-L 
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MATERIALS  AND  METHODS 


Engineering  of  Recombinant  PAP  Proteins.  Molecular  modeling  studies  for  the  rational  design  of 
recombinant  PAP  proteins  were  performed  as  previously  described  in  detail  (10-12).  Recombinant  wild-type  PAP 
(PBS-PAP)  was  obtained  by  subcloning  the  PAP-I  gene  (amino  acids  22  to  313)  into  the  pBluescript  SK- 
expression  vector  (6).  An  uracil-containing  template  of  PAP  was  obtained  by  transforming  E.  coli  CJ236  with  the 
recombinant  plasmid  PBS-PAP.  The  oligonucleotides  used  for  site-directed  mutagenesis  were  synthesized  on  the  | 
200  nmol  scale  and  HPLC  purified  by  Biosynthesis  Inc.  (Lewisville,  TX).  Site-directed  mutagenesis  procedure 
was  performed  as  described  in  the  manufacturer’s  manual  using  the  Mutagene  M13  /«  vitro  Mutagenesis  Kit  (Bio- 
Rad,  Hercules,  CA).  DNA  sequencing  was  carried  out  by  the  method  of  Sangers  et  al  (13),  following  the 
manufacturer’s  instructions  (U.S.  Biochemical  Corp.  Cleveland,  OH).  Fine  chemicals  and  restriction  enzymes 
were  purchased  from  Roche  Molecular  Biochemicals  (Indianapolis,  IN). 

Expression  and  PuriHcation  of  Recombinant  PAP  Proteins.  Wild-type  and  mutant  PAP  proteins  were 
expressed  in  E.  coli  MV  11 90  as  inclusion  bodies  and  were  isolated,  solubilized  and  refolded  as  described 
previously  (6).  The  refolded  proteins  were  analyzed  by  sodium  dodecyl  sulfate-12%  polyacrylamide  gel 
electrophoresis  (SDS-12%  PAGE).  Protein  concentrations  were  quantitated  from  the  gel  using  bovine  serum 
albumin  as  a  standard. 

Immunoblot  analysis  of  PAP  mutants.  Protein  samples  were  resolved  on  a  SDS-12%  PAGE  and 
transfered  onto  a  polyvinylidene  difluoride  membrane  (Bio-Rad)  using  Bio-Rad  trans-blot  apperatus,  as  described 
previously  (6).  The  membrane  was  immunoblotted  using  a  rabbit  anti-PAP  serum  (1:2000  dilution)  and  a 
horseradish  peroxidase-  conjugated  goat  anti-rabbit  IgG  (Sigma  Chemical  Co.,  St.  Louis,  MO)  as  the  primary  and 
secondary  antibodies,  respectively.  The  blot  was  developed  using  3,  3’-diaminobenzidine  (Sigma)  as  the 
colorimetric  indicator  for  peroxidase  activity. 
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Aniline  Cleavage  Assays  of  Ribosomal  RNA  Depurination.  Five  micrograms  of  E.  coli  23S  and  16S 
rRNA  (Roche  Molecular  Biochemicals)  was  incubated  with  increasing  amounts  of  wild-type  or  mutant  PAP 

protein  in  50  pi  (final  volume)  of  binding  buffer  (25  mM  Tris.HCl,  pH  7.8,  10  mM  KCl,  5  mM  MgCl2,  2% 

glycerol)  at  37°C  for  1  h.  The  rRNA  was  extracted  with  phenohchloroform  (24:24),  precipitated  with  ethanol  and 

treated  with  20  pi  of  IM  aniline  acetate  (pH  4.5)  for  30  min  on  ice.  The  rRNA  was  precipitated  with  ethanol, 

electrophoresed  in  a  6%  urea/polyacrylamide  gel,  and  stained  with  ethidium  bromide  as  described  previously 

(10). 

HPLC-Based  RNA  Depurination  Assays.  The  release  of  adenine/guanine  from  E.  coli  238+168  rRNA 
(Roche  Molecular  Biochemicals)  and  HIV-1  RNA  (ABI  Biotechnologies,  Columbia,  MD)  was  measured  using  an 
HPLC  system  (Hewlett  Packard,  Palo  Alto,  CA),  equipped  with  a  diode  array  detector  and  a  Chem8tation 
software  program  for  data  analysis  as  described  previously  (3,4).  Briefly,  2  pg  of  the  RNA  substrate  was 

incubated  with  2.5  pM  of  wild-type  or  mutant  PAP  proteins  for  1  h  at  3TC  in  50  pi  of  binding  buffer  (25  mM 
Tris.HCl,  pH  7.8,  10  mM  KCl,  5  mM  MgClj,  2%  glycerol).  The  reaction  was  stopped  by  adding  100  pi  of 

HPLC  running  buffer  (50  mM  NH4C2H3O2,  5%  methanol,  pH  5.0)  and  100  pi  of  the  sample  was  injected 

automatically  into  a  reverse-phase  Lichrospher  100RP-18E  analytical  column  (Hawlett-Pakard,  5  nun  particle  size, 
250  X  4  nun)  that  was  equilibrated  with  HPLC  running  buffer  as  described  previously  (3,4).  Controls  included 
samples  containing  (a)  untreated  rRNA,  and  (b)  test  samples  without  rRNA.  A  calibration  curve  was  generated  to 
establish  the  linear  relationship  between  the  absolute  peak  area  and  the  quantities  of  adenine/guanine  (8igma)  as 
described  previously  (3,4).  Unweighted  linear  regression  analysis  of  the  calibration  curve  was  performed  using 
the  CA-Cricket  graph  IE  computer  program  (Computer  Association,  Inc.,  Islandia,  NY).  Intra-assay  and  inter¬ 
assay  accuracy  and  precisions  were  evaluated  as  described  previously  (11).  Under  the  described  chromatographic 
conditions,  the  retension  times  for  adenine  and  guanine  residues  were  11.5  min  and  5.7  min,  respectively,  and 
they  were  eluted  without  an  interference  peak  from  the  blank  controls.  The  lowest  limit  of  detection  of  adenine 

was  2.5  pmol  at  a  signal  to  noise  ratio  of  =  3.  The  average  peak  area  obtained  for  50  and  250  pmol/50pl  of 
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adenine  standard  was  29  ±  1  and  143  ±  7  mAU,  respectively.  The  average  peak  area  obtained  for  50  and  250 

pmol/50p,l  of  guanine  standard  was  31  ±  2  and  156  ±  8  mAU,  respectively.  The  intra-  and  inter-assay  coefficients 

of  variation  were  less  than  4%.  The  overall  intra-  and  inter-assay  accuracies  of  this  method  were  98.7  ±  1.7  % 
(N=5)  and  95.7  ±  3.0  %  (N=5),  respectively. 

Cell-free  Translation  Assays.  Protein  synthesis  was  assayed  in  a  cell-free  system  using  nuclease-treated 
rabbit  reticulocyte  lysates  (Promega,  Madison,  WI)  and  luciferase  mRNA,  as  described  previously  (6,10).  The 
IC50  (50%  inhibitory  concentration)  values  were  calculated  by  nonlinear  regression  analysis  (Prism-2  Graph  Pad 
software,  San  Diego,  CA)  using  the  average  values  of  three  independent  experiments.  The  cpm  values  in  control 
sample  with  all  the  reagents  added  except  the  test  sample  ranged  from  3  to  4  x  10’  cpm/ml  and  were  considered  as 
100%  incorporation  when  determining  the  %  control  protein  synthesis  values  for  samples  treated  with  test 
materials. 

Ribosome  Binding  Assays.  Ribosomes  were  isolated  from  rabbit  recticulocyte  rich  whole  blood  (Pel-Freez 
Biologicals,  Rogers,  AR)  as  described  previously  (12).  Total  ribosomes  (30  pg)  were  incubated  with  5  pg  of 

wild-type  or  mutant  PAP  proteins  to  a  final  volume  of  100  pi  in  binding  buffer  and  incubated  at  room  temperature 

for  1  h.  After  incubation,  ribosomes  were  pelleted  by  centrifugation  at  300,000  X  g  for  30  min  at  4°C.  The 
pellets  were  washed  two  times  with  solution  D  (10  mM  Tris-HCl,  pH  7.5,  1  mM  KCl,  0.1  M  MgCy  and 

resuspended  in  20  pi  of  PBS  (137  mM  NaCl,  2.7  mM  KCl,  10  mM  NajHPO^,  1  mM  KH2PO4,  pH  7.4).  The 

protein  samples  were  resolved  on  a  SDS-12%  PAGE  gel  and  transferred  onto  a  polyvinylidene  difluoride 
membrane  (Bio-Rad)  using  the  Bio-Rad  trans-blot  apparatus,  as  described  previously  (6,10).  The  membrane  was 
immunoblotted  using  a  rabbit  anti-PAP  serum  (1:2000  dilution)  and  horseradish  peroxidase-  conjugated  goat  anti¬ 
rabbit  IgG  (Sigma  Chemical)  as  the  primary  and  secondary  antibodies,  respectively. 


6 


L3  Binding  Assays  -  A  plasmid  containing  the  cDNA  (pJD166.trp)  that  encodes  the  wildtype  Saccharomycis 
cerevisiae  ribosomal  protein  L3  was  a  kind  gift  from  Dr.  Jonathan  D.  Dinman,  University  of  Medicine  and 
Dentistry  of  New  Jersey,  NJ.  Radiolabeled  L3  protein  was  synthesized  by  a  linked  transcription-translation 
system  (TNT  T3-coupled  Reticulocyte  Lysate  System,  Promega)  (12)  according  to  the  manufacturer’s  instructions 
(Promega).  The  translation  products  were  resolved  on  a  SDS-10%  PAGE  gel,  which  was  dried  and 
autoradiographed.  The  mouse  anti-L3  monoclonal  antibody  was  a  kind  gift  from  Dr.  Jonathan  R.  Warner, 
Department  of  Cell  Biology,  Albert  Einstein  College  of  Medicine,  Bronx,  NY.  The  in  vitro  synthesized  L3 

protein  (8  X  10"^  cpm)  was  incubated  with  1  |ig  of  wild-type  or  mutant  PAP  proteins  in  50  p-l  (final  volume)  of 

binding  buffer  (10  mM  K2HPO4,  5  mM  NaCl,  pH  8.0)  at  30  °C  for  30  min.  The  PAP-L3  complex  was  co- 
inununoprecipitated  by  adding  5  pi  of  the  mouse  anti-L3  monoclonal  antibody  (1:500  dilution)  (12).  After  60 

min  of  incubation  at  30  °C,  the  PAP-L3 -antibody  complex  was  precipitated  by  adding  50  pi  of  protein  A- 

sepharose  beads  that  had  been  pretreated  with  rabbit  anti-mouse  IgG  (20  pl/ml  beads)  and  continued  the 
incubation  for  another  1  h  at  4  °C.  The  beads  were  washed  three  times  with  phosphate-buffered  saline  containing 
0.1%  Triton  X-100  and  the  proteins  were  eluted  from  the  Sepharose  beads  with  SDS  sample  buffer.  The  proteins 
were  separated  through  SDS- 12%  PAGE,  transferred  to  a  PVDF  membrane,  and  probed  with  the  polyclonal 
rabbit  anti-PAP  antibody  (1:2000  dilution)  and  horseradish  peroxidase  conjugated  goat  anti-rabbit  IgG  (1:1000 
dilution)  as  the  primary  and  secondary  antibodies,  respectively.  The  blot  was  developed  using  3,  3’- 
diaminobenzidine  (Sigma)  as  the  colorimetric  indicator  for  peroxidase  activity.  The  dried  membrane  was  also 
exposed  to  autoradiography  to  estimate  the  amounts  of  L3  protein. 

BALB/c  Mice-  All  Balb/c  mice  used  in  this  study  were  obtained  from  the  specific  pathologen  free  (SPF) 
breeding  facilities  of  Taconic  (Germantown,  NY)  at  five  weeks  of  age.  All  husbandary  and  experimental  contact 
made  with  the  female  Balb/c  mice  were  performed  in  a  controlled  environment  (12-h  light/12-h  dark  photoperiod, 

22±1°C,  60±10%  relative  humidity),  which  is  fully  accredited  by  the  USDA  (United  States  Department  of 

Agriculture).  All  mice  were  housed  in  microisolator  cages  (Lab  Products,  Inc.,  Maywood,  NY)  containing 
autoclaved  bedding.  The  mice  were  allowed  free  access  to  autoclaved  pellet  food  and  tap  water  throughout  the 
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experiments.  Animal  studies  were  approved  by  Parker  Hughes  Institute  Animal  Care  and  Use  Committee  and  all 
animal  care  procedures  conformed  to  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals  (National  Research 
Council,  National  Academy  Press,  Washington  DC  1996). 

Toxicity  Studies  in  Mice-  The  toxicity  profile  of  PAP  proteins  in  Balb/c  mice  was  examined,  as  previously 
reported  for  other  new  agents  (14,15).  Female  Balb/c  mice  were  injected  intravenously  with  bolus  doses  of  native 
or  recombinant  PAP  proteins  in  HEPES  buffer  at  the  2.5,  3.75,  5,  6.25  and  7.5  mg/kg  dose  levels  and  were 
monitored  daily  for  lethargy,  cleanliness  and  morbidity.  Control  mice  were  treated  with  PAP-free  HEPES  buffer. 
At  the  time  of  death,  necropsies  were  performed  and  the  toxic  effects  of  PAP  proteins  were  assessed.  For 
histopathologic  studies,  tissues  were  fixed  in  10%  neutral  buffered  formalin,  dehydrated,  and  embedded  in 
paraffin  by  routine  methods.  Glass  slides  with  affixed  6  micron  tissue  sections  were  prepared  and  stained  with 
Hemotoxylin  and  Eosin  (H&E).  No  sedation  or  anesthesia  were  used  throughout  the  experiments.  Mice  were 
monitored  daily  for  mortality  for  determination  of  the  day  30  LDjq  values.  Animals  were  electively  sacrificed  on 
day  30  to  determine  the  toxicity  of  STAMP  by  examining  their  blood  chemistry  profiles  and  blood  counts.  Blood 
was  collected  by  intracardiac  puncture  following  anesthesia  with  ketaminerxylazine  and  immediately  heparinized. 
The  blood  chemistry  profiles  were  examined  using  a  Synchron  CX5CE  Chemical  Analyzer  (Beckman 
Instruments,  Inc.,  Fullerton,  CA).  Blood  counts  (red  blood  cells  [RBC],  white  blood  cells  [WBC]  and  platelets 
(Pit])  were  determined  using  a  HESKA  Vet  ABC-Diff  Hematology  Analyzer  (HESKA  Corporation,  Fort  Collins, 
CO).  Absolute  neutrophil  counts  (ANC)  and  absolute  lymphocyte  counts  (ALC)  were  calculated  from  WBC 
values  after  determining  the  percentages  of  neutrophils  and  lymphocytes  by  a  manual  differential  count. 

SCID  mouse  model  of  human  AIDS-  All  CB-17  SCID  mice  used  in  the  present  study  were  purchased 
from  Taconic  Labs  (Germantown,  NY)  at  6-8  weeks  of  age  and  maintained  in  the  Level  3  (BL-3)  Containment 
Facility  for  Preclinical  Research  of  the  Parker  Hughes  Institute.  All  husbandry  and  experimental  contact  made  with 
the  mice  maintained  specific-pathogen-free  conditions.  The  mice  were  housed  in  Micro-Isolator  cages  containing 
autoclaved  food,  water,  and  bedding.  Trimethoprim-sulfamethoxazole  (Bactrim)  was  added  to  the  drinking  water 
of  the  SCID  mice  three  times  a  week.  Human  peripheral  blood  lymphocyte-SCID  (Hu-PBL-SCID)  mice  were 
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generated  by  reconstituting  SCID  mice  by  intraperitoneal  injection  of  10x10®  PBMC  from  seronegative  volunteer 
donors,  as  previously  reported  (16).  Two  weeks  after  inoculation  of  the  cells,  mice  were  anesthetized  with 
Isoflurane  and  then  challenged  by  intraperitoneal  injection  of  1x10®  median  tissue  culture  infectious  doses 
(TCIDjo)  of  cell-free  BR/92/019,  a  genotypically  and  phenotypically  NRTI-resistant  HTV-l  isolate.  SCID  mice 
were  infected  with  BR/92/019  in  the  BL-3  containment  facility,  and  all  manipulations  were  performed  in  a 
biosafety  cabinet.  PAP  proteins  were  administered  by  intraperitoneal  injections.  Throughout  the  experimental 
period,  mice  were  monitored  daily  for  overall  health  and  survival.  Two  weeks  after  infection,  Hu-PBL-SCID 
mice  were  electively  killed,  and  their  peritoneal  lavage  cells  as  well  as  spleen  cells  were  examined  for  evidence  of 
infection  by  an  HIV-1  co-culture  assay  (5)  and  determination  of  the  viral  RNA  load  by  RT  PCR  using  the 
Organon  Teknika’s®  Nuclisens™  HIV-1  QT  assay  kit.  Extraction  of  RNA  was  done  with  silica  (50  pL)  utilizing 
standard  Boom  technology  and  the  NucliSens™  Extractor.  Standard  amplification  (NASB  A  -  nucleic  acid 
sequence-based  amplification)  and  detection  assay  was  performed  according  to  the  manufacturer’s 
recommendations.  Detection  was  based  on  electrochemiluminescent  (ECL)  labels  that  emit  light  due  to  chemical 

reactions  occurring  on  the  surface  of  an  electrode.  Differences  in  the  proportional  response  rate  in  different  drug 
treatment  groups  were  analyzed  using  a  Chi-Squared  test  of  independence.  To  compare  the  HIV  burden  of  SCID 
mice  with  PCR  evidence  of  HIV  infection,  a  logistic  regression  was  fitted  to  obtain  the  dose  level  at  which  the 
mean  HIV  burden  in  the  tested  tissues  was  reduced  by  50%  (95%  confidence  intervals).  For  histopathologic 

studies,  tissues  were  fixed  in  10%  neutral  buffered  formalin,  dehydrated,  and  embedded  in  paraffin  by  routine 
methods.  Glass  slides  with  affixed  6-pm  tissue  sections  were  prepared,  stained  with  hematoxylin-eosin,  and 
submitted  to  the  veterinary  pathologist  for  examination  in  a  blinded  fashion. 

RESULTS  AND  DISCUSSION 
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Structure-Based  Design  and  Engineering  of  Nontoxic  PAP  Proteins  with  Potent  Anti-HIV 
Activity. 

Our  molecular  modeling  studies  indicated  that  ribosomal  RNA  and  HIV-1  RNA  adopt  distinctly  different 
binding  modes  in  their  interactions  with  PAP.  In  a  systematic  search  for  specific  mutations  that  might  result  in 
selective  enhancement  of  the  anti-HIV  activity  of  PAP,  we  noticed  that  the  residue  1152  on  the  opposite  side  of  the 

active  site  is  buried  (Figure  1).  Residues  K151  and  1152  are  located  on  helix  a4  which  is  followed  by  a  loop 
and  helix  (x5.  The  side  chain  of  1152  is  mostly  buried  in  hydrophobic  contact  (~3-4A)  with  those  of  F158  (from 

the  loop),  T162  and  F166  (helix  a5),  and  Y76  from  the  middle  P  strand.  In  contrast,  the  side  chain  of  K151  is 

mostly  exposed  and  may  form  a  hydrogen  bond  with  N148  from  the  same  helix.  Residue  152  is  approximately 
20  A  from  the  catalytic  residue  R179  and  situated  on  the  opposite  side  of  the  PAP  active  site.  It  is  known  that 
alanine  substitution  of  hydrophobic  residues  on  an  alpha  helix  would  generally  not  disrupt  a  helical  conformation 
(16).  In  many  cases,  a  large-to-small  mutation  such  as  I152A  may,  in  fact,  be  structurally  favored  for  a  helical 
conformation  (17).  However,  in  light  of  multiple  van  der  Waals  contacts  between  1152  and  surrounding  residues, 
II 52 A  mutation  could  potentially  create  a  cavity  in  an  otherwise  tightly  packed  hydrophobic  region.  The  bulky 
isoleucine  side  chain  within  the  core  of  the  protein  confers  greater  hydrophobic  stabilization  than  is  the  case  for  the 
smaller  alanine  side  chain.  The  He— >Ala  substitution  that  can  create  a  large  cavity  would  be  especially 
destabilizing  because  it  would  result  in  a  loss  of  both  hydrophobic  and  van  der  Waals  interactions.  Consequently, 
the  surrounding  residues  would  relax  and  reduce  the  volume  of  the  putative  cavity.  Such  mutations  may  cause 
local  conformational  instability  and  lead  to  a  significant  conformational  change  (18).  The  side  chain  of  the  residue 
could  rotate  into  a  radically  different  orientation  and  permit  repacking  of  the  core  as  exemplified  in  the  SI  17 
mutation  observed  in  T4  lysozyme.  Such  repacking  is  associated  with  adjustments  of  both  the  main  chain  and 
side  chains.  The  backbone  of  a  protein  that  contains  mutated  residues  could  deviate  from  the  natural 
conformation.  Such  conformational  changes  could  reach  and  affect  the  dynamic  behavior  of  the  catalytic  residues 
that  are  farther  than  25  A  away,  as  previously  shown  for  the  G93A  mutation  in  SOD  (19,  20).  We  and  other 
groups  have  long  recognized  the  dramatic  effect  that  this  kind  of  mutation  may  affect  the  enzyme  activity  (not 
substrate  binding)  and  have  been  actively  pursuing  the  concept  in  our  protein  engineering. 
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We  have  previously  modeled  the  complex  structure  of  PAP  with  ribosome,  based  on  the  crystal  structures 
of  PAP  and  ribosome,  and  the  complex  structure  of  PAP  with  an  HIV  viral  RNA  substrate.  The  proposed 
structural  model  is  in  good  agreement  with  our  mutation  studies  of  residues  involved  in  the  active  site  and  the 
extended  substrate-binding  site  (10).  Based  on  our  modeling  analyses,  we  have  recognized  that  the  binding  mode 
of  ribosome  is  distinctly  different  from  that  of  viral  RNA  as  shown  in  Figure  1.  Our  modeling  studies  indicated 
that  a  substitution  of  this  isoleucine  with  a  smaller  residue  such  as  alanine  (1 152  A)  would  likely  create  a  cavity 
causing  a  repacking  of  the  core  and  considerable  conformational  changes  of  the  active  site  that  would  be 
selectively  unfavorable  for  PAP-mediated  depurination  of  ribosomal  RNA,  but  possibly  would  not  affect  the 
catalytic  depurination  of  HIV-1  RNA. 

A  double  mutation  of  both  1152  and  K151  residues  was  predicted  to  result  in  a  more  substantial  loss  of 
ribosome  inhibitory  activity  than  single  mutations  involving  only  one  of  these  two  residues.  Residues  FI  91  and 
N 192  are  located  in  a  more  flexible  environment  on  the  C-terminal  end  of  helix  6  approximately  20  A  away  from 
the  catalytic  residue  R179  (Figure  1).  Similar  to  the  binding  environment  of  1152,  the  side  chain  of  F191  is 
buried  and  is  in  hydrophobic  contact  with  the  side  chains  of  1142, 113,  Y16  and  the  hydrophobic  portion  of  K188, 
all  of  which  are  situated  on  nearby  helices.  The  side  chain  of  N192  is  mostly  exposed  and  shows  no  significant 
contact  with  nearby  residues.  Substitutions  of  these  residues  with  alanine  or  glycine  were  postulated  to  cause 
conformational  changes  in  the  active  site  leading  to  a  moderately  reduced  activity  towards  ribosomal  RNA  (but  not 
HIV-1  RNA)  substrates,  albeit  to  a  much  lesser  degree  than  the  1 152 A  mutation.  However,  none  of  the  K151, 
1152,  F191,  or  N192  mutations  would  cause  an  impairment  in  the  ability  of  the  respective  PAP  proteins  to  bind 
ribosomes  or  the  ribosomal  protein  L3  which  interacts  with  the  partially  exposed  half  of  the  active  site  cleft 
(Figure  1). 

The  recombinant  PAP  mutants  with  alanine  substitutions  of  1152,  K151,  and  F191,  and  glycine 
substitution  of  N 192  were  constructed  using  site-directed  mutagenesis,  as  previously  described  (10).  The  mutant 
proteins  FLP-100(K151A),  FLP-10 1(1152 A),  FLP-102  (K151A,I152A),  FLP-103(F191A),  FLP-104(N192G), 
and  FLP-105(F191A,N192G)  were  expressed  in  the  E.  coli  strain,  MV1190,  as  inclusion  bodies,  purified, 
solubilized,  refolded  and  analyzed  by  SDS-PAGE  (Figure  2A).  Each  of  the  mutant  PAP  proteins  had  an  apparent 
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molecular  mass  of  33  kDa  similar  to  that  of  the  recombinant  wild-type  PAP  (Figure  2A).  The  refolded 
recombinant  wild-type  and  mutant  proteins  were  highly  immunoreactive  with  the  anti-PAP  serum  (Figure  2B). 

The  ICjo  value  of  recombinant  wild-type  PAP  in  cell  free  translation  inhibition  assays  was  3  ng/mL 
(Figure  3,  Table  1).  By  comparison,  the  ICjq  values  for  the  double  substitution  mutants  FLP-102  and  IT.P- 
105  were  994  ng/ml  and  105  ng/ml,  respectively.  Thus,  FLP-102  was  331-fold  less  toxic  than  wild  type  PAP 
and  FLP-105  was  35-fold  less  toxic  than  wild  type  PAP  (Figure  3,  Table  1).  The  corresponding  single  residue 
mutants  FLP-100  (K151A),  FLP-101  (I152A),  FLP-103  (F191A)  and  FLP-104  (N192G)  also  were  less  toxic 
than  the  wild  type  PAP  (Figure  3,  Table  1).  As  shown  in  Table  1,  most  of  the  331 -fold  activity  loss  for  FLP- 
102  could  be  attributed  to  the  I152A  mutation  since  the  single  residue  substitution  mutant  FLP-101  (II 52A)  was 
206-fold  less  toxic  but  the  single  residue  substitution  mutant  FLP-100  only  49-fold  less  toxic  than  wildtype  PAP  . 
In  light  of  moderate  changes  in  PAP  activity  as  a  result  of  the  F191A  and  N192G  mutations,  the  level  of 
conformational  change  probably  is  less  profound  than  that  caused  by  I152A.  Nevertheless,  the  F191A  mutation 
probably  adopts  the  same  mechanism  as  proposed  for  the  I152A  mutation  (leading  to  reduced  activity),  but  with 
less  impact. 

Compared  with  the  K151A  and  I152A  mutations  in  FLP-102,  the  F191A  and  N192G  mutations  in  FLP- 
105  had  a  lesser  effect  on  PAP  activity  against  the  ribosomal  and  viral  RNA  substrates.  Both  N192G  and  F191A 
resulted  in  moderate  reduction  in  ribosomal  deactivation  activity  and  slightly  improved  activity  against  HIV  RNA 
substrate.  This  is  consistent  with  the  observation  that  N192  and  FI 91  are  located  in  more  flexible  environmefit 
than  1152  is  in.  In  light  of  moderate  changes  in  PAP  activity  as  a  result  of  these  two  mutations,  the  level  of 
conformational  change  probably  is  less  profound  than  that  caused  by  I152A.  Nevertheless,  the  F191 A  mutation 
probably  adopts  the  same  mechanism  as  proposed  for  the  1 152 A  mutation  (leading  to  reduced  activity),  but  with 
less  impact. 

The  ability  of  FLP-102  and  FLP-105  proteins  to  depurinate  rRNA  in  rabbit  ribosomes  was  also  evaluated 
by  treating  the  ribosomes  with  the  PAP  proteins,  subsequent  purification  of  rRNA,  and  cleavage  with  aniline. 
Aniline  cleaves  the  sugar-phosphate  backbone  of  rRNA  at  PAP  depurination  sites.  Therefore,  the  release  of 
fragments  from  aniline-treated  rRNA  is  an  indicator  of  PAP-mediated  rRNA  depurination.  As  shown  in  Figure 
4,  aniline  treatment  resulted  in  the  release  of  a  600  nt  RNA  fragment  from  rRNA  of  rabbit  ribosomes  pretreated 
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with  the  recombinant  wild-type  PAP.  In  contrast,  aniline  treatment  failed  to  cause  the  release  of  the  600  nt  RNA 
fragment  from  rRNA  isolated  from  ribosomes  treated  with  the  mutant  PAP  proteins  FLP-102  or  FLP-105.  These 
findings  are  consistent  with  the  markedly  reduced  ribosome  inhibitory  activities  of  these  recombinant  PAP 
proteins  in  in  vitro  translation  assays  (Figure  3).  In  accord  with  the  predictions  of  our  modeling  studies,  the 
reduced  ribosome  inhibitory  activity  of  FLP-102  or  FLP-105  was  not  due  to  reduced  binding  to  ribosome,  the 
ribosomal  protein  L3,  which  serves  as  a  docking  site  for  PAP,  or  the  SR-loop  (Figure  5). 

We  next  compared  the  ability  of  the  mutant  PAP  proteins  FLP-102  and  FLP-105  to  depurinate  ribosomal 
RNA  versus  HIV-1  RNA  to  that  of  recombinant  wildtype  PAP  using  HPLC-based  quantitative  adenine  release 
assays. While  recombinant  wild-type  PAP  depurinated  ribosomal  RNA  more  efficiently  than  HIV-1  RNA,  both 
FLP-102  and  FLP-105  were  more  efficient  in  depurinating  HIV-1  RNA  and  their  activity  against  HIV-1  RNA  was 
superior  to  that  of  wild  type  PAP  (Table  2).  FLP-102  exhibited  the  most  promising  selective  anti-HIV  activity: 
Whereas  the  adenine  release  from  E.coli  ribosomal  RNA  wildtype  PAP  protein  was  76±4  pmols/pg  RNA/pmols 
protein,  FLP-102  protein  was  10-fold  less  active  and  released  only  7±2  pmols  adenine/pg  RNA/pmols  protein 
(P<0.05,  Table  2,  Figure  6).  However,  FLP-102  was  more  potent  in  deadenylating  HIV-1  RNA  than  wildtype 
PAP:  Whereas  wildtype  PAP  released  36±3  pmols  adenine/pg  RNA/pmols  protein,  FLP-102  released  100±7 
pmols  adenine/pm  RNA/pmols  protein  (P<0.05)  (Table  2,  Figure  6).  Similar  results  were  obtained  in  guanine 
release  assays  (Table  2). 

We  next  examined  in  6  independent  experiments  each  performed  in  triplicate  the  ability  of  FLP-102  and 
FLP-105  to  inhibit  the  replication  of  the  HIV-1  strain  HTLVniB  in  human  peripheral  blood  mononuclear  cells 
(Table  2).  Both  proteins  inhibited  the  HIV-1  replication  in  a  concentration  dependent  fashion  with  ICjq  values  of 
0.2±0.0  pg/mL  for  FLP-102  and  0.7±0.2  pg/mL  for  FLP-105.  By  comparison,  the  wildtype  protein  FLP-WT 
was  less  active  than  either  protein  and  inhibited  the  HIV-1  replication  with  an  ICjo  value  of  2.9±1.3  pg/mL  (Table 
2,  P<0.001). 

In  Vivo  Anti-HIV  Activity  of  FLP-102  and  FLP-105. 

FLP-102  and  FLP-105  were  nontoxic  to  BALB/c  mice  even  at  a  150  pg/mouse  (~7.5  mg/kg)  dose  level, 
whereas  wild  type  native  PAP  was  exhibited  toxicity  at  a  50  pg/mouse  dose  level  and  was  invariably  fatal  at  >125 
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Hg/mouse  dose  level  (Figure  7,  Table  3).  Control  mice  (n=10)  were  treated  with  i.p.  injections  of  the  PAP-free 
vehicle  solution.  All  49  FLP- 1 02 -treated  mice  and  all  50  FLP-105-treated  mice  remained  heal  thy  throughout 
the  30  day  observation  period  with  no  evidence  of  morbidity.  Blood  tests  done  on  day  30  did  not  suggest  any 
significant  systemic  toxicity.  In  particular,  even  at  the  highest  cumulative  dose  level  of  150  pg/mouse,  neither 
FLP- 102  nor  FLP- 105  caused  (a)  anemia,  neutropenia,  or  lymphopenia  suggestive  of  hematologic  toxicity,  (b) 
elevations  of  BUN  and  creatinine  or  electrolyte  disturbances  suggestive  of  renal  toxicity,  (c)  elevations  of  AST, 
ALT,  Aik.  Ptase,  LDH,  or  bilirubin  suggestive  of  hepatotoxicity,  or  (d)  elevation  of  amylase  suggestive  of 
pancreas  toxicity  (Table  3). 

We  next  sought  to  determine  if  FLP- 102  and  FLP- 105  exhibit  any  in  vivo  anti-HIV  activity  in  the  Hu- 
PBL-SCDD  mouse  model  of  human  AIDS.  Control  mice  were  treated  either  with  vehicle  alone  (negative  control 
treatment)  or  with  AZT+3TC  (positive  control  treatment).  FLP-102  and  FLP-105  were  used  at  the  daily  nontoxic 
dose  levels  of  20-40  pg/mouse  (2-4  mg/kg),  5  days/week  x  2weeks,  administered  by  i.p  bolus  injections. 
AZT/3TC  combination  was  used  at  a  dose  level  of  8mg  zidovudine/AZT+4  mg  lamivudine/3TC,  administered  via 
gavage  twice  daily  for  5  days/weekx  2  weeks.  All  mice  were  reconstituted  with  10x10*  PBMC  and  infected  with 
1x10*  TCID5Q  of  the  genotypically  and  phenotypically  NRTI-resistant  HIV-1  isolate  BR/92/019  two  weeks  after 
reconstitution.  Treatments  were  started  immediately  after  the  inoculation  of  the  HIV-1  isolate.  Spleen  specimens 
from  9  of  10  (90%)  vehicle-treated  control  mice  were  HIV-l  PCR-positive  with  an  HIV  RNA  burden  of  3.9±0.3 
logs,  whereas  spleen  specimens  from  only  3  of  10  (30%)  AZT/3TC-treated  mice  were  HIV-1  PCR-positive  vVith 
an  HIV  RNA  burden  of  3.2±0.3  logs  (Table  4).  By  comparison,  spleens  from  only  2  of  10  (20%)  FLP-102 
treated  mice  (average  HIV  RNA  burden  =  2.9  logs)  and  3  of  10  (30%)  FLP-105-treated  mice  (average  HIV  RNA 
burden  =  3.2±0.3  logs)  were  HIV-l  PCR-positive.  Thus,  both  FLP-102  and  FLP-105  were  at  least  as  effective  as 
the  in  preventing  the  in  vivo  HIV-l  replication  in  the  spleen  of  Hu-PBL-SCID  mice.  Peritoneal  lavage  specimens 
from  7  of  8  vehicle-treated  control  mice  and  6  of  10  AZT/3TC-treated  mice  were  HIV-l  PCR-positive.  In 
contrast,  none  of  peritoneal  lavage  specimens  from  9  FLP-102  treated  mice  and  the  peritoneal  lavage  specimens 
from  only  3  of  the  9  FLP-105-treated  mice  showed  PCR  evidence  of  HIV-l  infection  (Table  4).  The  in  vivo  anti- 
HIV  activity  of  the  mutant  PAP  proteins  was  further  confirmed  by  HIV-l  1  cultures  of  spleen  specimens. 

Whereas  9  of  10  spleen  specimens  and  9  of  10  spleen  +  lavage  (mixed)  specimens  from  vehicle-treated  control 
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mice  were  HIV-1  culture-positive,  only  2  of  10  spleen  specimens  and  3  of  10  spleen  +  lavage  specimens  from 
FLP-102-treated  mice  were  HIV-1  culture-positive.  By  comparison,  3  of  10  spleen  specimens  and  5  of  10  spleen 
+  lavage  specimens  from  FLP-105-treated  mice  were  HIV-l  culture-positive.  Thus  both  PAP  mutants  were  at 
least  as  effective  as  the  AZT/3TC  combination  and  FLP-102  was  the  most  active  PAP  protein  in  preventing  the 
HIV-l  replication  in  Hu-PBL-SCID  mice. 

Combination  antiretroviral  therapy  has  become  the  standard  of  care  for  patients  with  HIV  infection  in  the 
United  States  (21-27).  Anti-retroviral  treatment  regimens  employing  combinations  of  drugs  from  at  least  two  of 
the  three  classes  of  antiretroviral  therapy,  namely  nucleoside  analog  RT  inhibitors  (NRTI),  non-nucleoside  analog 
RT  inhibitors  (NNRTI),  and  protease  inhibitors,  exhibit  a  potent  and  sustained  antiviral  effect  and  confer 
consistent  long-term  viral  suppression  in  patients  with  HIV  infection  (21-27).  However,  the  individual 
components  of  these  combination  regimens  can  select  for  dmg-resistant  viruses  and  the  emergence  of  antiviral 
dmg  resistance  limits  their  clinical  benefit  (28-36).  This  resistance  is  a  consequence  of  the  high  mutation  rate  and 
fast  replication  of  HIV  and  the  selective  effect  of  these  drugs,  which  favors  emergence  of  mutations  that  can 
establish  clinical  drug  resistance.  Recent  results  indicate  that  failure  of  the  highly  active  antiretroviral  therapy 
(HAART),  which  typically  includes  at  least  2  NRTI  and  a  protease  inhibitor  or  a  NNRTI,  results  from  the 
multiplicity  of  mutations  that  confer  genotypic  resistance  to  almost  all  available  antiretroviral  drugs  (28-36).  In 
these  patients,  genotypic  resistance  tests  confirm  the  lack  of  alternative  salvage  therapy  strategies  based  ofi  the 
currently  available  antiretroviral  drugs  (28-36).  Patients  failing  on  HAART  constitute  a  reservoir  of  multidrug 
resistant  HIV  that  may  limit  treatment  options  in  the  future.  The  frequency  of  genotypic  and  phenotypic  drug- 
resistant  HIV  is  increasing  among  therapy-naive  HIV-infected  seroconverters  (28-36).  Thus,  the  transmission  of 
drug-resistant  HIV  is  a  serious  problem  that  merits  further  attention  by  public  health  officials  as  well  as  virologists 
and  clinicians.  Therefore,  there  is  an  urgent  need  for  new  anti-HIV  agents  capable  of  inhibiting  the  replication  of 
drug-resistant  HIV.  Rationally  engineered  nontoxic  recombinant  PAP  proteins  such  as  FLP-102  may  provide  the 
basis  for  effective  salvage  therapies  for  patients  harboring  highly  drug  resistant  strains  of  HIV-L  The 
documented  in  vitro  potency  of  FLP-102,  its  in  vivo  antiretroviral  activity  in  HIV-infected  Hu-PBL  SCID  mice, 
and  its  favorable  toxicity  profile  warrant  the  further  development  of  this  promising  new  biotherapeutic  agent. 
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FIGURE  LEGENDS 


Figure  1.  Molecular  Model  of  PAP-RNA  Interactions.  Ribbon  and  space-filling  representation  of  PAP 
(blue)  complex  models  with  ribosomal  RNA  (left,  in  white)  and  viral  RNA  (right,  in  white)  molecules.  Residues 
1152  and  K151  (green)  as  shown  in  stick  model  are  mutated  in  FLP-102.  Residues  F191  and  N192  (red)  as 
shown  in  stick  model  are  mutated  in  FLP-105.  These  residues  are  located  on  the  opposite  side  of  the  PAP  active 
site  and  the  mutation  of  these  residues  is  not  predicted  to  affect  the  binding  of  ribosomal  RNA  or  HIV-1  viral 
RNA  substrates.  However,  residue  1152  is  buried  and  the  large-to-small  mutation  of  ne->Ala  would  presumably 
create  a  cavity  and  would  permit  repacking  of  the  core;  it  thus  can  lead  to  considerable  conformational  changes  of 
catalytic  residues  and  differentially  affect  the  activity  of  PAP  against  the  ribosome  substrate  and  the  viral  RNA. 

Figure  2.  Coomassie  Blue-stained  SDS-12%  PAGE  (A)  and  Western  blot  analysis  (B)  wild- 
type  and  mutant  recombinant  PAP  proteins.  Each  lane  contained  5  pg  of  recombinant  PAP  protein.  WT, 
wild-type. 

Figure  3.  Ribosome  inhibitory  activity  of  PAP  wild-type  and  mutants  in  in  vitro  rabbit 
reticulocyte  lysate  system.  Each  value  is  an  average  value  obtained  in  three  independent  experiments. 
Protein  synthesis  was  measured  by  [^^S]  methionine  incorporation  and  the  samples  with  all  the  reagents  except 
PAP  was  assigned  a  value  of  100%  incorporation.  (A)  FLP-102  and  single  residue  mutants  FLP-100  and  FLP- 
101.  (B)  FLP-105  and  single  residue  mutants  FLP-103  and  FLP-104. 

Figure  4.  In  vitro  depurination  of  ribosomal  RNA  by  wild-type  and  mutant  recombinant  PAP 
proteins.  E.  coli  23S+16S  rRNA  was  treated  with  increasing  amounts  of  PAP,  treated  with  aniline,  separated  by 
6%  urea/polyacrylamide  gel,  and  stained  with  ethidium  bromide.  The  arrow  indicates  the  fragment  split  by 
aniline. 
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Figure  5.  (A)  Association  of  PAP  mutants  with  ribosomes  isolated  from  rabbit  reticulocyte 
enriched  blood.  (A.l)  Total  ribosomal  protein  (5  pg)  was  incubated  with  1  pg  of  PAP  and  the  ribosome-PAP 
complexes  were  isolated  by  ultracentrifugation.  The  ribosome-PAP  complexes  were  separated  through  SDS-12% 
PAGE,  electroblotted  onto  a  polyvinylidene  difluoride  (PVDIO  membrane,  and  immunoblotted  with  a  polyclonal 

antibody  to  PAP.  (A.2)  A  fraction  (5  pi)  of  the  reaction  mixture,  prior  to  the  separation  of  PAP-ribosome 

complex,  was  removed  separated  through  SDS-12%  PAGE,  transferred  to  PVDF  membrane,  and  immunoblotted 
with  a  polyclonal  antibody  to  PAP.  The  results  show  that  equal  amounts  of  PAP  proteins  were  added  to  the 
reaction  mixture.  (B)  Association  of  wild-type  and  mutant  PAP  proteins  with  in  vitro  synthesized 
ribosomal  protein  L3.  (B.l)  Co-immunoprecipitated  PAP  revealed  by  immunoblotting  using  anti-PAP 
antibody.  ^^S-labeled  L3  was  incubated  with  wild-type  and  mutant  PAP  proteins  and  co-immunoprecipitated  with 
protein  A-Sepharose  beads  pre-coated  with  monoclonal  antibody  to  L3.  The  PAP-L3  complexes  were  separated 
through  SDS-12%  PAGE,  transferred  to  a  PVDF  membrane,  and  immunoblotted  with  a  polyclonal  anti-PAP 
antibody.  (B.2)  The  blot  was  exposed  to  X-ray  film,  showing  equal  amounts  of  labeled  L3  protein  in  each 
reaction.  (B.3)  A  fraction  (5  pi)  of  the  reaction,  prior  to  the  co-immunoprecipitation,  was  removed  from  the 
reaction,  separated  through  SDS-12%  PAGE,  transferred  to  a  PVDF  membrane,  and  immunoblotted  with  a 
polyclonal  antibody  to  PAP.  The  results  show  that  equal  amounts  of  PAP  were  added  to  each  reaction. 

Figure  6.  Depurination  of  E.  coli  and  HIV-1  RNA  by  wild-type  and  mutant  PAP  proteins.  Two 

pg  of  E.  coli  rRNA  and  HIV-l  RNA  was  incubated  with  2.5  pM  of  wild-type  and  mutant  PAP  proteins  for  1  h  at 

37°C  in  50  pi  of  binding  buffer.  The  reaction  was  stopped  by  adding  100  pi  ofHPLC  ranning  buffer  and  100  pi 

of  the  sample  was  injected  in  to  the  column  as  described  in  Materials  and  Methods.  Control  samples  of  RNA  were 
treated  with  PBS  instead  of  PAP.  Inset:  Standard  curve  of  adenine  and  guanine  standards. 

Figure  7.  Mouse  Toxicity  of  FLP-102  and  FLP-105.  BALB/c  mice  were  treated  with  single  i.p.  bolus 
injections  of  either  the  mutant  recombinant  PAP  proteins  FLP-102  and  FLP-105  or  the  native  PAP  protein  at  the 
indicated  dose  levels.  Survival  curves  of  mice  treated  at  specific  dose  levels  of  the  specified  PAP  proteins  are 
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depicted.  None  of  the  99  mice  treated  with  FLP-102  or  FLP-105  at  dose  levels  ranging  from  50  pg/mouse  to  150 
[xg/mouse  became  sick  or  died  within  the  30  day  observation  period. 
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